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El grafeno es un material alótropo de carbono compuesto por una malla hexagonal 
de átomos con hibridación sp2 y grosor de un solo átomo. Gracias a esta estructura, 
el grafeno ha demostrado tener excelentes propiedades electrónicas, mecánicas y 
térmicas. Debido a ello, tiene un gran potencial en diversos campos como la 
biomedicina o electrónica entre otros. 
Sus propiedades electrónicas vienen dadas por la particular forma de su estructura 
de bandas. El orbital no hibridado pz se encuentra perpendicular al plano sp2. El 
solapamiento lateral de estos orbitales, concede la formación de un orbital π 
deslocalizado a través de toda su superficie. Por esta razón, la estructura de bandas 
de grafeno tiene forma de dos conos de Dirac que se encuentran en un solo punto 
(Punto de Dirac). Esto hace que tenga una separación entre sus bandas de 
conducción y de valencia igual a cero. Gracias a ello, sus electrones se comportan 
como partículas cuánticas. 
Entre sus distintos derivados, el grafeno crecido por deposición química de vapor 
(CVD) y transferido sobre superficie, ha demostrado ser un material idóneo para 
las aplicaciones electrónicas debido a su elevada conductividad, carácter ambipolar 
de efecto campo, y una relación calidad/coste de producción conveniente. En 
concreto, transistores de grafeno de efecto campo de puerta de solución (g-SGFET) 
son el tipo de dispositivo más apto para la medición en  ambientes biológicos y 
acuosos. La posibilidad de medir en solución permite la simulación de 




Sin embargo, la investigación del grafeno aún está en sus inicios y es necesaria una 
alta reproducibilidad de sus resultados para la futura comercialización y 
estandarización de los dispositivos de grafeno. Estos dispositivos son fabricados en 
sala blanca para minimizar la contaminación de la superficie de grafeno y obtener 
el mejor rendimiento. El proceso de fabricación involucra la deposición secuencial 
de diferentes capas. Para definir la forma de las diferentes capas se usan varios 
procesos de litografía. En este tipo de procesos, varios polímeros son usados en los 
pasos de transferencia para otorgar una mayor estabilidad una vez que el grafeno 
es delaminado. Dichos polímeros pueden introducir contaminación en la superficie 
e inducir doping químico que puede reducir o degradar la señal medida.  
Con el fin de eliminar este tipo de contaminantes, en esta tesis se ha desarrollado 
un protocolo de limpieza posterior al proceso de litografía con el fin de eliminar los 
residuos poliméricos de dicho proceso y obtener el mejor rendimiento electrónico. 
Para ello THF y EtOH fueron evaluados como disolventes utilizando distintos 
tiempos de limpieza. Con el objetivo de confirmar los cambios ocasionados por 
ambos disolventes en los distintos transistores, estos fueron caracterizados por 
Microscopia de Fuerza Atómica (AFM), Espectroscopia fotoelectrónica X (XPS) y 
espectroscopia de Raman. A su vez fueron evaluados electrónicamente antes y 
después de cada proceso. A pesar de que el THF es un buen disolvente para 
eliminar este tipo de residuos, ha demostrado ser dependiente del tipo y grosor de 
residuo, lo que en algunos casos ha llevado a dañar la integridad del dispositivo de 
grafeno. Por otra parte, EtOH es independiente del grosor del residuo y puede ser 
usado independientemente del tamaño de la oblea. Así mismo es compatible con 






Recientemente, estos dispositivos han sido testados con éxito como implantes en la 
medición de señales de muy baja frecuencia en tejido cerebral de roedores. Sin 
embargo, es necesaria una mejora en la interacción entre el transistor y el entorno 
biológico. La implementación de capacidades sensóricas es posible a través de la 
incorporación de bio-receptores sobre dispositivos electrónicos de grafeno como los 
transistores. Estas modificaciones permiten el desarrollo de herramientas para 
diagnóstico y tratamiento de diversas condiciones neurológicas como epilepsia o 
Parkinson. Con este propósito, el grafeno ha sido modificado covalentemente por 
medio de una adición radicalaria siguiendo dos diferentes estrategias compatibles 
con el diseño del dispositivo, con el fin de anclar los bio-receptores de interés.  
Ambas estrategias se basan en la incorporación de un ácido carboxílico el cual 
servirá como punto de anclaje para el bio-receptor correspondiente. La estrategia 1, 
se basa en la incorporación directa de un de un grupo carboxílico a través de la 
descomposición de una sal de diazonio. La estrategia 2 se basa en una primera 
funcionalización covalente con el fin de incorporar cadenas alifáticas que mediante 
una segunda interacción no covalente incorporarán un ácido carboxílico. Para la 
optimización del proceso, la adición radicalaria fue llevaba a cabo en grafeno CVD 
sobre un sustrato de SiO2 que no tenía incorporados los distintos componentes 
electrónicos. Las funcionalizaciones fue correctamente caracterizada antes y 
después de las reacciones con distintas técnicas: Raman, AFM, XPS. Tras ello, 
ambas estrategias fueron llevabas a cabo en un macrotransistor de grafeno CVD 
que incorporaba dos electrodos de oro para la posterior medición de sus 
propiedades eléctricas. Por último, la plataforma sensórica compuesta por 48 
microtransistores de grafeno CVD fue exitosamente funcionalizada.  
La evaluación electrónica fue realizada después de ambas modificaciones para 
determinar si dichas funcionalizaciones habían dañado el transistor. La evaluación 
de los dispositivos reflejó que la funcionalización llevada a cabo con la estrategia 1 
ix 
 
no había afectado las propiedades del transistor y era adecuada para continuar con 
el paso de implementación de las capacidades sensóricas. Sin embargo, la 
funcionalización llevada a cabo con la estrategia 2 dañaba el dispositivo por lo que 
no se pudo utilizar para el siguiente paso. 
Una de las ventajas que esta funcionalización aportó fue la posibilidad de usar la 
superficie de grafeno funcionalizada con ácidos carboxílicos como sensor de pH. El 
incremento de los grupos polares o cargados terminales en la superficie de grafeno 
incrementa la carga superficial haciéndolo sensible a los cambios de pH. Este tipo 
de mediciones son de vital importancia en enfermedades como la epilepsia donde 
se producen cambios de pH en ciertas regiones de la corteza cerebral durante un 
ataque epiléptico.  
Tras este primer enfoque del grafeno modificado como sensor de pH, la plataforma 
sensórica sería probada como sensor para el reconocimiento selectivo de 
biomoléculas. Con este fin, el bio-receptor escogido fue un NH2-aptámero 
modificado que sería anclado por medio de un enlace amida. Como prueba de 
concepto, el sistema descrito se usó con un aptámero selectivo para trombina, una 
proteína involucrada en la coagulación sanguínea, demostrando resultados 
prometedores. Paralelamente otras funcionalizaciones no covalentes fueron 
desarrolladas por nuestros colaboradores. Comparando estas, la funcionalización 
covalente permitió una mayor sensibilidad debido a la mayor incorporación de 
grupos carboxílicos. 
La segunda plataforma de diagnóstico que se ha desarrollado en esta tesis se basa 
en la generación de formaciones de diferentes carbohidratos con el fin de reconocer 
ciertas lectinas para su análisis en espectroscopia de masas de ionización/desorción 
de laser asistida por matriz – tiempo de vuelo (MS MALDI-TOF). Las lectinas son 




Estos participan en numerosos procesos celulares y codifican una gran cantidad de 
información. Por ejemplo, la superficie celular está cubierta de una capa de 
carbohidratos llamada glicocáliz la cual es específica de cada tipo de célula o tejido. 
La expresión de estos carbohidratos puede verse afectada por su estado de 
desarrollo o diferenciación, así como pueden variar en función de diversas 
patologías. Debido a esto, ciertos patrones de carbohidratos pueden ser empleados 
como bio-marcadores de cáncer o enfermedades autoinmunes. El grupo de 
proteínas que reconocen de manera específica los carbohidratos se denominan 
lectinas. Las C-lectinas son una familia importante de receptores que se expresan 
en la pared dendrítica de las células y son capaces de reconocer selectivamente 
patógenos que expresen en su superficie un tipo determinado de carbohidratos. 
MS es una valiosa herramienta en estudios glicómicos. La combinación de MS con 
formaciones de diversos azucares modificados es una técnica de gran interés para 
el análisis e identificación de lectinas en matrices complejas. Gracias a la capacidad 
de ionización/desorción del grafeno este puede ser usado como superficie asistente 
o matriz en MS. Por otra parte, la funcionalización química de grafeno aumenta la 
capacidad de adsorción de bio-moléculas generando interfaces estables. 
En esta tesis, se demostró por primera vez el uso del grafeno CVD en MS MALDI-
TOF y SALDI-TOF gracias a su capacidad de ionización/desorción. A través de una 
combinación entre funcionalización covalente y no covalente para generar una 
bicapa hidrofóbica, se ha desarrollado un sistema compuesto por diferentes 
azucares modificados sobre CVD grafeno como herramienta de diagnóstico para la 
detección de lectinas. En concreto se ha funcionalizado grafeno sobre distintas 
superficies: Óxido de indio y estaño (ITO) como superficie conductora, vidrio como 
superficie no conductora con el fin de testar la conductividad de grafeno en este 
tipo de análisis y cuarzo como superficie no conductora de mayor calidad. El uso 
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de grafeno sobre superficies no conductoras ha permitido reemplazar ITO como 
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“While it is fun to think about the wonderful role of serendipity in the story, one should also spend a bit of time 
comprehending the inevitability of the discovery as well. The only character of true genius in the story is 
carbon. Fullerenes are made wherever carbon condenses. It just took us a little while to find out.” 
DISCOVERING THE FULLERENES 
Nobel Lecture, December 7, 1996 









In this introduction, we will try to show and explain, as briefly as possible, one of youngest (in its 
fifteens now) carbon nanomaterial, Graphene. From its structure, chemistry and properties to the 
current and potential applications that this material could offer us. 
Carbon comes from the Latin carbo meaning ‚charcoal‛. It was proposed as an element by Antoine-
Laurent de Lavoisier in the second half of the 18th century. In 1772, while burning diamond and 
carbon samples, Lavoisier, discovered that both substances do not produce water vapor and they 
generated the same amount of carbon dioxide gas per gram, elucidating with this experiment the 
two firsts allotropic form of the carbon.1  
Depending on the different ways that the carbon atoms can bond, added to the ability to hybridize 
as sp, sp2 or sp3, give rise to different allotropic forms.2 Taking this different hybridization into 
account, one of those allotropic forms that we can find are Carbon Nanomaterials (CNMs).3 
 
Figure 1. Different allotropes of carbon. Adapted from Geim et al. 2008.4 
Within the possible classification ways, we can categorize them according to the structure 
dimensionality (Figure 1). So, starting with the 0D CNMs, in 1985, striking a laser on a sheet of 
graphite, Kroto, Curl and Smalley found the spherical structure that was called 
Buckminsterfullerene or C60, composed by sp2-sp3 carbon atoms.5 In addition, in a serendipitously 
way, onion like carbon (OLC) and Carbon dots (C-dots) were discovered, the first one through the 
irradiation of carbon nanotubes (CNTs) with electron beams6 and the second one during a 
purification of CNTs, prepared by arc-discharge technique, using gel electrophoresis.7 
The discovering of 1D CNMs was more controversial. The first time that CNTs were observed in a 
transmission electron microscopy (TEM) was in 1952 by a Russian group8, and the next in 1976 by 
Agnes Oberlin.9 But it was not until 1991 when the discovering of the single walled carbon 
nanotubes (SWCNTs, composed by sp2 carbon atoms) was attributed to Iijima.10 
However, it was in 2004, when Geim and Novoselov isolated and characterized Graphene for the 




awarded with the Novel Price in 2010.11 Starting with their ‚Friday evening experiment‛ the real 
revolution in the 2D material field, and consequently in the CNMs one. 
In this thesis Graphene, its chemical modification and its applications in biosensing will be the main 
spotlight. 
1.1. Graphene-Based Materials 
Despite the term ‚graphene‛ refers to a single atom thick sheet of hexagonally arranged sp2-bonded 
carbon atoms,12 it was used without precision to describe many different graphene-based materials 
(GBMs) due to the emerging numbers of researches and publications in the last decade. GBMs 
include also few-layers graphene, graphene oxide (GO) reduce graphene oxide (rGO), graphene 
nanosheets, graphite plates, graphene ribbons and graphene quantum dots (GQDs). For that reason, 
in 2014, was developed by Wick and coworkers a nomenclature model to classified the different 
graphene derivatives based on three morphological parameters: lateral dimensions, carbon/oxygen 
ratio and number of layers.13 
 
Figure 2. Classification of the different graphene derivatives in function of their principal properties. Adapted from 
Wick et al. 2014.13 
The definition of these parameters is crucial because the GBM properties extremely depend on them. 
For example, elasticity, adsorptive capacity or surface area are given by the number of layers as well 
as conductivity is related with the C/O ratio.14 
The biological relevance of this material is in correlation with its surface 
hydrophobicity/hydrophilicity. Therefore, the surface inhomogeneity produced for the oxidation to 
obtain GO derivatives can enhance the biocompatibility and the dispersibility of graphene. 
Generally, GO presents a C/O ratio from 4:1 to 2:1 but, as will be explained in the production 
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method section, it can be reduce and the C/O ratio is decreased to values from 12:1 to 246:1.15 In 
correlation with these biological properties, graphene sheets must have a suitable size (lateral 
dimension) for the chosen environment. For example, graphene nanoribbons which have less than 
100 nm of lateral size or GQDs with even smaller lateral dimension (< 10 nm). In order to modulate 
these three parameters (number of layers, C/O ratio and lateral dimension), the production of 
graphene is a relevant topic in this thesis. 
1.2. Graphene production. 
The manufacture of graphene with controlled size, morphology, edge structure and number of 
layers is a challenging process. In addition, there is a need to find a method which achieves a large-
scale production with reproducibility and homogeneity. Graphene can be obtained by two 
approaches: top-down, starting with graphitic material and splitting graphene layers from it;16 and 
bottom-up approaches from small carbon precursors, such as chemical vapor deposition (CVD) or 
chemical synthesis of nanographenes.17 Graphene was initially produced by mechanical exfoliation 
of graphite in the mentioned sticky tape experiment by separation of the graphite layers into 
individual graphene sheets.11 This top-down method provides the highest quality graphene sheets. 
However, it is not suitable for mass production. Due to the limitation in the layer control and in the 
dimension, since the maximum sample size is around 1 mm.18 
 
Figure 3. Summary of the different methods for graphene production. Adapted from Novoselov et al. 2012.19 
To overcome the van der Waals forces which bonded the graphene sheets in graphene is necessary 
to apply energy by mechanical or chemical methods. One of the most used methods to overcome 
this interaction between layers is the liquid phase exfoliation.20 This method is based on the 
exposure of the graphite to a solvent, in which graphite and graphene are dispersible, usually NMP, 
DMF or ODCB,21 followed by a sonication step to split the monolayer/few-layers graphene. To 
separate the resulting graphene from the dispersion, it is necessary to centrifuge the suspension and, 
by precipitation of the graphitic n-layer graphene, isolate the suspended few-layers material. In 
order to obtain an exfoliated material with a low number of layers, it is necessary to repeat the 




However, it has important disadvantages. It is required a large volume of solvents (which are 
usually highly toxic), the obtained yield respect to the starting graphite is low22 and the use of 
additives which are employed to enhance the exfoliation efficiency and suspension stability are 
difficult to remove.23 
Oxidation of graphite leads to a delamination process by the incorporation of oxygenated functional 
group such as epoxy, hydroxyl and carbonyl to overcome the attractive van der Waals forces. The 
amount and ratio of the different introduced groups depend on the oxidative methods. In 1859, 
Brodie explored the reaction of graphite with KClO3 in HNO3 and found that the resulting material 
was dispersible in pure or basic water.24 Years later, Staudenmaier improved the method adding 
chlorate and sulfuric acid.25 Hummers and Offeman developed an alternative oxidation method with 
a mixture of KMnO4 and H2SO4.26 Despite this method has been improved in the last years to tune 
the amount or distribution of the oxygen-containing groups and to avoid the production of toxic 
gases,27 it has been the most used one for the generation of GO because of the relatively high ratio 
C/O (≈ 2.30) compared to others approaches.28 In 2010 it was described a method to obtain graphene 
oxide nanoribbons (GONRs) from multiwalled carbon nanotubes (MWCNTs).29 The produced 
GONRs have a higher degree of oxidation but lower amount of holes on the basal plane. And more 
recently in 2019, a microwave-assisted method was reported.30 This method significantly reduced 
the reaction time to 20 minutes (from 5 days). The generated GO has higher C/O ratio, but also 
higher D/G band ratio (i.e. more defects). 
By the reduction of graphene oxide is possible to remove partially the oxygenated groups, partially 
restoring the π-network in order to get similar properties that graphene. The obtained material is 
usually called as reduce graphene oxide (rGO).31 The reduction could be carrying out mainly by 
three strategies: 32 Thermal reduction, which involves temperature of 250 °C,33 chemical reduction 
using hydrazine34 or, as a new environmentally friendly, ascorbic acid35 or electrochemical 
reduction.36 These are very scalable methods, however, rGO has relatively poor yields in terms of 
surface area due to the imperfections and vacancies creation. In the same way that for the synthesis 
of GO, recently a microwave-assisted method has been developed.37 Thanks to the residual oxygen 
groups that still remain, rGO has better dispersibility in polar solvent like water which makes it 
suitable for biological applications. 
 
Figure 4. Structure of the species involves in the graphite oxidation and reduction of the graphene oxide to obtain 
graphene oxide. Adapted from Lee et al. 2015.38 
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Another promising method is the thermal decomposition of SiC. In this method, a SiC bulk sample 
is annealed at ≈ 1400 °C in vacuum conditions. At that temperature, the silicon atoms sublimate and 
the surface carbon atoms rearrange in order to form the graphitic layers. 39 One of the advantages of 
the thermal decomposition SiC method is that the graphene can be directly obtained onto the 
semiconductive desired surface, so it is not necessary a transfer step, avowing some possible 
contamination. However, this method is still really expensive and has size limitation. 
One of the most promising applications of graphene is in the field of electronics. However, these 
applications require high quality large-area graphene. In the last years, large domain size Chemical 
Vapor Deposition (CVD) graphene grown on metal surface makes it possible to explore within this 
potential application that graphene had been so far. CVD is a technique where a gas precursor is 
decomposed over a substrate surface and films of the material are deposited on it.40 This process is 
thermally and catalytically driven by the substrate. 
In the case of graphene, methane is the chemical vapor precursor. In particular, when a mixture of 
CH4 and H2 gases get in contact with the catalytic surface (such as Ni, Pd, Ru, Ir or Cu) in a heated 
chamber, they decompose over the surface to form the desired material film.41 In terms of uniform 
deposition of high quality, single layered graphene over large areas have been achieved on 
polycrystalline copper foils.42 
The growth of graphene by CVD starts as nucleation of graphene island (Figure 5a).43 These initial 
graphene forms have different lattice orientations depending on the crystallographic orientations of 
the Cu grains on which they are growing. The created film is predominantly single-layer graphene 
(< 95%). In this process, wrinkles in the graphene are produced due to the different thermal 
expansion coefficient (Figure 5b). 
 
Figure 5. SEM image of the graphene nucleation on a Cu substrate for 1 min growth time adapted from Li et al. 200943 
and b)AFM image of CVDG single and bilayer wrinkles (Grown on Cu and transfer onto SiO2. 
In 2009, Li and coworkers studied the differences in the surface catalyst mechanism for graphene on 
Cu and Ni.44 They used the separation of the 12CH4 and 13CH4 Raman modes to observe the 
distribution of graphene domains for the different surfaces. For that, they used sequential dosage of 





of these isotopes into the metal. For metal like Ni where the solubility of xCH4 is high, the gas 
diffuses into the metal surface and then, segregation and precipitation happened. The resulting 
graphene will consist in randomly mixed isotopes (Figure 6a). In an opposite way, if the diffusion is 
low, graphene grows by surface adsorption in function of the dosage sequence employed (Figure 
6b). 
 
Figure 6. Schematic representation of the graphene growth mechanism. a) by CH4 diffusion in the metal surface and b) 
Graphene growth by surface adsorption. Adapted from Li et al. 2009.44 
Tuning of the properties of graphene is a point of great interest. It is reported the band gap opening 
in order to get a semiconductor behavior with the introduction of a second graphene layer (Figure 
12).63 Despite the generation of bilayer graphene or few-layer graphene is usually produced 
accidentally by the stacking of them,22 a controllable development of this stacking was required. The 
called AB-stacked bilayer graphene (i.e. the half of the atoms in the second layer is on top of the 
empty center of the hexagons of the second one) is generated by the combination of an existing 
monolayer and a second step growth in the furnace.45 A less common interaction is the AA-stacked 
bilayer graphene where layer are aligned. It is generated by a sequential graphene hexagonal boron-
nitride (hBN) flake pick-up steps using a hemispherical handle substrate.46 In fact, with this last 
approach the local bilayer configuration could be modulated to get AA or AB. 
 
Figure 7. Schematic representation of the transfer process. Adapted from Zhang et al. 2013.47 
In order to deposit the graphene in the desired surface for the corresponding application, transfer 





facilitate the transfer to the alternative surface with the minimum damage.48 Then, the metal layer is 
etched and deposited onto the target substrate. Finally, the PMMA layer is removed with acetone 
(Figure 7). 
 
Figure 8. General scheme of the roll-based production of CVDG. Adapted from Bae et al. 2010.49 
For the scale-up production of CVD graphene, Ijima and coworkers reported a roll-to-roll 
production and of predominantly monolayer 30-inch graphene films grown by chemical vapor 
deposition onto flexible substrates (Figure 8).49 This method is perfectly suitable for the production 
of graphene at industrial level. Electronic applications required high quality large surfaces for its 
implementation in devices as will be shown in the following sections. CVD graphene has become in 
the most promising graphene in terms of quality/price ratio with a higher uniformity and 
homogeneity. For that reason, this graphene derivative will be the main material use in this thesis 
because of its potential in the field of electronics, and due to that fact, we will focus on this graphene 
derivative in the following sections. 
This transfer method used to be source of contamination which might introduce chemical doping 
species, reduces carrier mobility, and degrades the signal to noise ratio. Since alternative 
microfabrication technology is not currently identified, solutions based on post-lithography cleaning 
processes have been evaluated. For example Yurgens and coworkers reported a mechanical cleaning 
of CVD graphene by using of atomic force microscopy (AFM) tips.50 As shown in figure 9, an AFM 
tip in contact mode is able to remove the residual PMMA and AZ5214E polymer of the measured 
squared. It is described as an effective method, but it cannot be applied to large areas. Ozone plasma 
environments have been reported as effective dry cleaning process, but the time exposure should be 
in function to the quantity of polymer residues, since a long exposure could damage the graphene 
lattice, induce defects or generate local oxidation.51 The most common methods are based on 
solvents that can solve PMMA like acetone, chloroform, toluene or N,N-Dimethylacetamide.52 
Nevertheless, removing the PMMA residue cannot be completely dissolved with any known organic 
solvents. In addition, they are not compatible with others added elements that are necessary in the 





Figure 9. Tapping mode AFM image with PMMA residue a) before and b) after cleaning with AFM tip. Adapted from 
Choi et al. 2017.54 
1.3. Graphene properties 
GBMs present a unique set of electronic, magnetic, thermal, optical and biological properties. 
Consequently, they have been used for several applications. As mentioned above, in graphene 
structure, each hybridized sp2 carbon atom is bonded with other three carbon atoms arranged in a 
honeycomb lattice to obtain a single atom thick sheet. Presumably with that thickness (0.335 nm) 
should not exist a material with useful mechanical properties; however, a stress-strain curve of 
130GPa was found for graphene by AFM.55 By using the same characterization technique, Prof. Hone 
and coworkers reported that graphene has a really high flexibility, with a young modulus of 1TPa. 
This is particularly important for electrophysiological applications since there is a poor match 
between devices and biological texture surface. In this aspect, it should also be noted that its weight 
is 0.77 mg m-2, which makes graphene a light material and the strongest one ever measured. 
 
 
Figure 10. a) Transferred graphene layers on SiO2 wafer and b) UV-Vis spectra of transferred graphene showing >95% 
transmittance. Adapted from Bae et al. 2010.49 
In addition to the graphene properties due to the single atom thickness, this material presents a high 





transmittance of light.56 Furthermore, with the correct physical or chemical treatments, the 
connectivity of electrons can be reduced to generate photoluminescence.57 This property makes 
graphene, together with his electronic properties, as a new material for optoelectronics, 
photodetectors or transparent electrodes. 
Regarding the thermal properties of graphene, it has the highest thermal conductivity known: 5000 
W m-1 K-1.58 Thanks to its capacity to dissipate heat, graphene can be used as thermal interface 
material and heat spreader. Particularly, the use of graphene in micro- and nano-electronic devices 
where heat could be a limiting factor is a topic of great interest. 
The electronic properties of graphene come from its orbital hybridization and structure. While one s-
orbital and two p-orbital (pz and px) are hybridized to create the sp2 hybrid orbital, which contributes 
to the planar assembling, the additional pz-orbital is perpendicular. This orbital leads to delocalized 
π bonds with its neighboring atoms.59 Thus, π electrons are free to move in the plane with a good 
conductivity. In the graphene band structure (Figure 11), its conduction and valance bands meet at 
the Dirac points with a linear shape instead of the parabolic one for insulators and conductive 
materials. As a result, graphene is defined as a zero-band gap semiconductor.60 Thus, charge carries 
on graphene behave as Dirac fermions (relativistic particles), allowing a high charge mobility (2·105 
cm2 V-1 s-1), low resistivity (10-8 Ω·m), and avoiding the scattering mechanism. 
 
Figure 11. a) Graphene band structure and b) Dirac point energy band. Adapted from Neto et al. 2009.61 
Due to the lack of an intrinsic band gap, graphene has ambipolar behavior. This property opens new 
opportunities in the field of biochemical sensors related to the graphene field-effect transistors 
(GFETs) devices.62 As it will be explained more in details during this thesis, different parameters 
could affect these electronic properties. In 2007, it has been reported that the stacking of a second 
graphene layer could induce insulating state.63 In figure 12 is shown the change in the band structure 






Figure 12. Schematic energy diagrams of a) monolayer graphene and bilayer graphene b) before and c) after to applied 
a perpendicular electric field (E⊥) Adapted from Oostinga et al. 2007.63 
Recently, Jarrillo-Herrero and coworkers reported that twisting 1.1° two layers of graphene (the 
‚magic angle‛) at 1.7 K, the material exhibits flat bands near zero Fermi level, getting an insulator 
state.64. Besides, when the same twisted bilayer graphene is submitted to a magnetic field, it become 
to a superconductor.65 But an increment in the number of layer leads to more complicated band 
structures with different overlapping.66 
1.4. Functionalization of graphene 
Graphene can be modified for tailoring their properties and for the introduction of different 
functionalities (e.g. carboxyl, hydroxyl, amine, azide groups) in which, subsequently, other 
molecules can be anchored. In most cases, functionalization is the best way to achieve the best 
performance of graphene. The activation of graphene with reactive molecules has many advantages: 
oriented immobilization of the analytes, enhanced dispersibility, biocompatibility, sensing 
properties or the passivation of the surface, which can avoid the unspecific adsorption of 
contaminants that would interfere in the analysis. 
Graphene functionalization can be performed in two different ways: covalent or non-covalent 
modification. On the one hand, covalent functionalization modifies the sp2 net introducing sp3 
carbon-type defects. Consequently, this chemical modification can deteriorate the electronic 
graphene properties but enhances others to adapt graphene to a specific application and to achieve 
the best performance.67 On the other hand, non-covalent functionalization does not damage the 
graphene π-conjugation. With this synthetic method, functional groups can be attached to the 
graphene surface through π-interactions with different species; however, this modification yields 
lower stable bounds than the covalent one due to the interaction nature.68 
1.4.1. Covalent functionalization 
Despite the covalent functionalization, decreases the number of sp2 carbons and could affect the 
electronic behavior of the graphene, which consequently alters its electronic properties.69 Band gap 
opening of graphene by doping, would be useful for functional nanoelectronic devices. It is reported 
that the electrical properties can be tuned by chemical functionalization in three different ways: the 
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mentioned conversion of the sp2 net to sp3, molecular dipole interactions associated with the 
quantum capacitance and hybridization of molecular orbitals with graphene’s electronic bands.70 For 
that reason, covalent modification has been widely study in order to modulate the gap and thus to 
adapt graphene as semiconductor for electronic applications.71 Exfoliated graphene usually are few-
layer structures that are difficult to handle and present a high number of defects, which does not 
make it suitable for these purpose. However, supported graphene derivatives such as CVD 
graphene or epitaxial growth (EG) graphene are more suitable for electronic application due to their 
homogeneous and single-layer structure and high quality.72 In the following paragraphs, we will try 
to classify the different types of graphene covalent functionalization on substrate and clarify their 
principal advantages and disadvantages. 
The introduction of single atoms, including hydrogen, halogens or oxygen is a good choice to 
design semimetal, semiconductor or insulator material, due to the high functionalization degree. 
Traditionally, oxidation has been the most used method to modified graphene. However, the acid 
treatments described above26-30 could be too aggressive for the graphene properties. For that reason, 
alternative approaches have been studied for CVD73 and EG graphene. Monolayer and bilayer CVD 
graphene were treated to 550 °C under air. Structurally, a reduction of the wrinkles was observed, 
possibly, due to the generation of nanoholes which led to a reduction in the compressive stress 
within the graphene layer.74 As was expected, a higher resistant to the oxidation was found in the 
bilayer graphene due to the increased stability and for a lower interaction with the substrate.108b The 
introduced epoxy and hidroxyl groups could be subjected to nucleophilic Mitsunobu substitution in 
the presence of dialkyl azodicarboxylate (DIAD). This proposal was explored by Kalbác and 
coworkers in oxidized CVD graphene.75 Due to DIAD is decomposed photochemically, the use of 
mask could allow the generation of spatially functionalization. For EG, two approaches have been 
studied for its oxidation: electrochemical treatment with HNO3 by applying the corresponding 
potential76 and by exposing to oxygen under ultra-high vacuum to obtain a chemically homogeneous 
and reversible modification.77 
Hydrogenation can be performed in liquid and plasma based environments and is easily reverted 
using high temperature treatments.78 Recently, the synthesis of a hydrogenated single layer 
graphene deposited on Cu substrate has been reported by laser-heating in a hydrogen environment, 
in which the amount of hydrogens bonded increase as a function of the pressure at which the 
sample was laser-heated.79 
 
Figure 13. Schematic representation of the graphene modification using a Grignard reagent through a 




Halogenations can be achieved from the decomposition of fluorinating agents such as XeF2. 
However, this reaction has fast kinetic which makes it poor controllable.80 As consequence, the 
electronic properties are heavily affected. In contrast, the introduction of Cl atoms, with slower 
kinetics, allows a better functionalization control and lower structure damage.81 This 
functionalization could be useful for a second modification step, the introduction of other groups via 
nucleophilic attack like Grignard reaction (Figure 13).82 
Given that graphene has polyaromatic character cycloaddition reactions can be employed to modify 
it. For example, the widely used pericyclic reaction in organic chemistry, Diels Alder cycloadditions 
where a diene and a dienophile react to form cyclic adduct. The reactivity in Diels Alder is inversely 
proportional to the energy gap. Due to the graphene HOMO and LUMO cross at the Dirac Point, it 
can act as both, dienophile or diene (Figure 14).83,84 On the one hand, the use of graphene as diene 
was performed with the activated dienophiles tetracyano-ethylene (TCNE) and the reaction was 
monitored by Raman spectroscopy (Figure 14). The corresponding modified graphene derivative at 
room temperature showed a significant increase of the ID/IG ratio and the reaction was reversed 
when the temperature was raised, confirming the reversibility of the process (retro Diels-Alder). On 
the other hand, the role of graphene on substrates as dienophile was investigated using 2,3-
dimetoxy-1,3-butadiene. The corresponding graphene adduct was obtained at 50ºC and the complete 
retro- Diels–Alder reaction was also in this case accomplished at 150 ºC. 
 
Figure 14. Diels-Alder reaction of graphene as diene (left) and dienophile (right). Adapted from Sarkar et al. 2011.84 
These covalent functionalization strategies are remarkably interesting for the reversible engineering 
of the graphene band gap and conductivity for electronic applications. For example, in 2016 was 
reported a Diels Alder reaction with non-planar dihydronaphtalene on Cu graphene supported as 
dienophile.85 This graphene modification resulted in p-type doping and an improvement of the 
conductivity due to the increase of the electron-withdrawing groups, i.e. the increase of the hole 
density. In addition, the use of PMMA mask allowed the selective region functionalization that 
could be used in the manufacture of electronic devices. Against the assumption that the 
cycloaddition reactions of graphene only occur in defective regions (i.e. edges and/or holes),86 the 
functionalization of defect-free graphene with a substituted maleimide has been recently reported. 
The chemical modification was confirmed by Raman spectroscopy and XPS. Both of them showed 
sp3 carbon atoms increment. Besides, in order to clarified the cycloaddition adduct obtained, 
scanning tunneling microscopy (STM) and by Discrete Fourier Transform (DFT) were used (Figure 
15).87 The geometry visualized by STM suggested that the (1,2) and (1,4) configuration were possible. 
DFT calculations showed that only the cycloaddition adduct (1,2) resulted in a stable bond for 




Figure 15. a) STM image of the functionalized graphene and b) DFT optimized structure of the (1,2) cycloadduct. 
Adapted from Daukiya et al. 2017.87 
Several [2+1] cycloadditions have been developed on graphene using azides to form azirine-rings. 3-
D CVD graphene on copper was modified with a substituted perfluorophenyl azide to incorporate 
an acid functionality.88 The carboxylic group worked as anchor point for TiO2 nanoparticles with 
high photocatalytic activity in CO2 reduction due to the good dispersibility of the covalent molecules 
attached. The incorporation of functionalities allowed an increment of hydrophilicity and good 
interaction with biological environment. For that reason, the cycloaddition of nitrenes using azido 
aniline was also used for the development of an electronic glucose sensor through the glucose 
oxidase linkage.89 
In this thesis, radical addition has been the main tool to modify the graphene surface. This reaction 
has the advantage that is tolerant to different experimental conditions, such as compatibility with 
different solvents, low temperatures, dry or wet conditions. In addition, the radical precursor can be 
generated in situ or ex situ. The radical is generated through hemolytic bond cleavage of the 
diazoanhydre 12 which after decomposition release N2 to produce an aryl radical 13 (16C). The 
reaction of aniline 4 with alkylnitrite also leads to the generation of the radical via formation of the 
diazotate 11 in situ (16B). The produced radical reacts with the graphene double bond 15, followed 
by delocalization and reaction with a second aryl radical 13 (16D).90 Modifications of the aryl 
diazonium salts allow the introduction of different groups on the graphene surface, like carboxylic 







Figure 16. Mechanism of (A) formation of nitrosonium ion from alkyl nitrite, (B) generation of diazonium salt from 
aniline, (C) generation of Aryl radical from diazonium compound and (D) radical addition of radical specie to a carbon 
surface. Adapted from Dyke et al. 2004.92 
The proposed mechanism for this reaction suggests the initiation via an electron transfer from the 
graphene to diazonium salt. According to the Gerischer-Marcus theory, electron transfer is 
proportional to the allowed redox potential gap between different reactants.93 The reactivity of the 
graphene is determined by the overlap of the graphene electronic density of states (DOS) and the 
unoccupied states in the diazonium molecule in solution (Figure 17). For this reason, the reactivity is 
governed by the type of doping. Hence, the chemical reactivity can be modulated adjusting the 
graphene Fermi Level. It has been reported that n-doped CVD graphene on SiO2 showed a higher 




Figure 17. Scheme of the graphene and diazonium salt DOS. Adapted from Paulus et al. 2012.93 
Due to the high reactivity of the generated radicals, the formation of oligomers and a not-well-
defined chemical structures can occur (Figure 18).95 STM and AFM revealed an irregular graphene 
surface after radical reactions by diazonium salt decomposition, sometimes this kind of 
oligomerization evolves to a completely covering of the graphene surface by irregular organic 
chains. It is well-known that this reaction results in polyaryl growth due to the radical attachment to 
the pre-grafted species, limiting with the generated cluster density, the number of species directly 
binding to the surface.96 In addition, the diazonium decomposition byproducts could be absorbed on 
the functionalized graphene surface and their vibration modes hinder a proper characterization 97 
 
 
Figure 18. Scheme of the possible decomposition products in a radical addition. Adapted from Hossain et al. 201095 and 
Kalb{č et al. 2019.97 
The employment of graphene supported on a substrate limited in number their characterization 
methods to monitor chemical transformations. In addition, diverse support substrates complicate the 
sensitivity and the reaction conditions. Therefore, there is an urgent need for extended 
characterization methods for on-surface chemical transformations. In 2018, Kalb{č and coworkers 
described innovative characterization techniques for a vapor-phase functionalization with 
diazonium salt (and the previously mentioned fluorination) of CVD graphene on Cu. The covalent 




onto another substrate. On the one hand, the modified CVD graphene was characterized by SERS 
because of the caused benefit by Cu as SERS-active substrate.98 The vibrational modes of the attached 
molecules were perfectly identified. On the other hand, graphene surface enhance laser 
desorption/ionization (SELDI) mass analysis were performed due to the graphene capability as 
efficient matrix for matrix-assisted laser desorption/ionization (MALDI).99 For that reason, LDI were 
directly performed over the substrate to identify the attached molecules again. This work provided 
alternative solutions for some of the characterization problems. 
 
Figure 19. a) General scheme of graphene functionalization by substituted diazonium salt and by gas phase activation 
followed by nuclephlic substitution, b) SERS characterization and c) SELDI analysis of the functionalized graphene 
with thiophenol. Adapted from Kalbac et al. 2018.98 
The chemical properties of graphene on a substrate strongly depend on different parameters such as 
the supporting substrate, external strain, number of layers or other reaction parameter. And this 
dependence is clearly reflected in the widely used diazonium chemistry. 
The supporting substrate has a remarkable influence on graphene reactivity, especially to CVD 
graphene reactivity. CVD graphene was transferred onto different substrates and it was 
subsequently functionalized with 4-nitrophenyl diazonium tetrafluoroborate (Figure 20).100 The 
selected substrates with different hydrophobicity were: a single-crystal wafer of -Al2O3 ;and three 
substrates of SiO2 on a silicon wafer, namely bare SiO2, and SiO2 coated with a self-assembled 
monolayer of octadecyltrichlorosilane (OTS) or a mechanically exfoliated flake of single- crystal 
hexagonal boron nitride (hBN). The Raman spectroscopic characterization revealed that a higher 
functionalization for graphene on the bare SiO2 and Al2O3 substrates respect to graphene on hBN- 
and OTS-treated substrates, indicating lower reactivity for hydrophobic substrates. The chemical 
reactivity of graphene on different substrates can be explained considering the reaction kinetics from 
electron-transfer theory as a function of the Fermi level of graphene respect to the reacted site 
density. Thus the charged groups/impurities mostly presented on hydrophilic surfaces can induce 
local electron-hole fluctuation (puddles) with higher reactivity due to the locally n-doped puddles. 
In fact, the graphene which is suspended (without influence from the substrate) present the highest 





suspended graphene and graphene membranes, has not been studied in detail. However, the 
development of new modification procedures for these graphene-based systems will be mandatory 
to manufacture new electronic devices which required suspended graphene or graphene 
membranes. 
 
Figure 20. Raman spectra before and after reaction of graphene on different substrate with 4-nitrobenzenediazonium 
tetrafluoroborate. Adapted from Strano et al. 2012.100 
More recently, a covalent pattering based on a radical reaction has been reported taking in advance 
of the nanostructure induce on graphene grown on Ru (0001).102 Acetonitrile is homolytically broken 
by electron bombardment producing cyanomethyl radicals which react with graphene to 
functionalize it with atomic-level selectivity and spatial periodicity. For the same architecture, it was 
tested how the temperature tuning involves yield increment.103 
The graphene reactivity is also affected by certain mechanical strengths. In 2013, Ago and 
coworkers reported that the chemical reactivity of the graphene can be enhanced by a factor of up to 
10 when an external strain is applied to graphene via stretching of the flexible polydimethylsiloxane 
(PDMS) substrate where the carbon material is supported.104 When a mechanical strain of 8.7% was 
applied the reactivity increased around a 50%. When that mechanical strain increased to 15%, the 
reactivity increased to 100%. The strain causes an extension of the π orbital with a localized electron 
available to form a perpendicular covalent bond.105 After the application of the strain, the graphene 
recovered its unstrained conformation and recovered its initial low reactivity. With this approach, 
functionalization approaches that would otherwise not proceed, such as phenyl radicals with 





Figure 21. Strained graphene and the resulted Raman spectra. Adapted from Bisset et al. 2013.104 
Localized deformations on graphene layers produced by nanoparticles can also tune the chemical 
reactivity of graphene. To this end, the decoration of the Si substrate with SiO2 nanoparticles (NPs) 
induced local regions of mechanical strain, increasing the chemical reactivity and leading to a 
selective spatial functionalization (Figure 22).106 The average size nanoparticles deposited over the 
SiO2 substrate was 50 nm, however cluster were formed as the profiles height revealed. Due to the 
NPs height, some wrinkles with different curvatures degrees were observed in the graphene. In fact, 
the increase of the functionalization was not exclusive of the curvatures generated for the 
nanoparticles. In the wrinkle regions were observed a higher increased of the D band compared with 
the relaxed graphene. However, despite they attribute the higher functionalization degree to the 
local curvature, from our experience, the doping of the SiO2 NPs may be higher than the effect 
induced by the mechanical strain. 
 
Figure 22. a) General scheme of the Si decorated substrate with SiO2 NPs. Adapted from Ruoff et al. 2013.106 
The mechanical deformation also influences the graphene reactivity in other radical reactions. In 
particular, a curvature is induced in the graphene layer by its deposition on a restrained polymeric 
substrate; thus, a wrinkled pattern is generated on the graphene. 107 The treatment of this wrinkled 
graphene under CF4 plasma led to a spatially selective functionalization. Consequently, this 
treatment allowed to perform localized tuning of the electrical conductivity at the microscale in 




Figure 23. a) ID/IG and IG/I2D ratios at different substrate strains for 1D wrinkles and b) 1D graphene wrinkles. Adapted 
from Deng et al. 2019.107 
In addition, a similar scenario can be described to explain the reactivity of bilayer or few layers 
graphene on substrate. It is reported that the reactivity of single layer graphene is ten times higher 
than the bilayer one due to the presence of the interlayer graphene hinders the interaction between 
the substrate and the upper layer of graphene.108 In addition, a reactivity difference was found for 
this electron transfer chemistry depending on the stacking mode of graphene layers. The different 
reactivities mainly result from distinct variations in the DOS distribution in the gap region. 
Particularly, the reactivity of the twisted bilayer graphene (t-BLG) is five times higher than for the 
AB-stacking graphene due to the variation in the electron distribution.109. 
The graphene reactivity is also influenced by reaction parameters. An interesting work about the 
factors that can influence the reactivity in radical additions has been recently reported by Steven De 
Feyter and coworkers.110 The simultaneously use of two different diazonium salts with different 
reactivities, such as 4-nitrobenzenediazonium (NBD) and 3,5-bis-tert-butylbenzenediazonium (TBD), 
led to a spatially inhomogeneous functionalization as quasi-uniform spaced islands on graphene, 
coined nanocorrals (Figure 24a). The diameter of nanocorrals can be tuned by controlling the 
electrochemical activation conditions and the ratio between both diazonium compounds. They 
hypothesized that the formation of nanobubbles of N2 and NO2 generated during the grafting on the 
graphene interface might be responsible for the nanocorrals formation (Figure 24b). The increasing 
HNO2 concentration combined with the water insoluble byproducts (which improve the stability of 
the bubbles) led to nanobubbles observation, which resulted in a large nanocorrals formation. These 
nanopatterned graphene can be used as templates for the nanoconfined formation of self- assembled 






Figure 24. a) STM topography image of nanocorrals on HOPG and b) schematic representation of stabilized 
nanobubbles hypothesized as responsible for the nanocorrals formation. Adapted from De Feyter et al. 2019.110 
One of the most efficient methods for the functionalization of graphene is the treatment of the 
corresponding graphene precursor with alkaline metals in suitable solvents followed by quenching 
of the intermediately formed reduced graphene (graphenide) with diazonium salts. The high 
functionalization efficiency is due to the negative charges on the surface which allow a high electron 
transport.111 By employing this method, the bisfunctionalization of CVD graphene was achieved 
using two successive reduction and covalent bond forming steps.112 In particular, the CVD graphene 
was bisfuntionalized with aryl diazonium salt and alkyl halide (Figure 25); however, the 
modification strongly depended on the addition sequence of the reagents. CVD graphene 
modifications are restricted to only one side of the basal plane producing strained structures. As 
consequence, the retrofunctionalization can occur with good leaving groups. In this manner, the 
addition of an alkyl chain and the subsequent reaction with an aryl radical led to bisfuntionalized 
graphene. But, when the addition sequence changed, a lower functional degree was obtained 
because aryl anion act as good leaving group in a strained geometry derived from the first 
modification step. 
 






Other radical reactions on graphene are arising in order to overcome the limitations of the most 
popular modification strategies of graphene such as the heterogeneous oligomers obtained by 
phenyl radical reactions, or the previous preparation of the corresponding phenyl radical precursor 
depending on the desired surface function.113 Recently, Xu and coworkers reported a direct azidation 
of CVD graphene on Cu by in situ electrochemical oxidation of an aqueous sodium azide (NaN3, 
Figure 26).114 The click chemistry of the modified graphene can be employed for expanding surface 
functions. Particularly, they developed a copper(I)-catalyzed alkyne−azide cycloaddition and 
copper-free click chemistry, as well as subsequent bioconjugation. This functionalization method has 
a great potential for the application of graphene in biosensing and electronics. 
 
Figure 26. General scheme of the click chemistry of azidated graphene and subsequent bioconjugation. Adapted from 
Li et al. 2020.114 
1.4.2. Non-covalent functionalization 
As we mentioned above, the non-covalent modification involves polymer wrapping, π-π interaction, 
electro donor acceptor complexes, hydrogen bonding and van der Waals forces, which do not 
introduce defects in the graphene structure.115 For individual non-covalent interactions, the energies 
are normally lower than in covalent bound; however, the advantage of these systems is that the low 
interaction energies allow non-desired reversibility. Mainly this kind of functionalization was 
employed to avoid the re-aggregation of the layers, to increase the dispersibility of graphene and for 
the introduction of different molecules that induce new properties.116 
π-π stacking between graphene sheets results in aggregation between layers. In addition, graphene 
sheets have hydrophobic nature, therefore, they are practically insoluble in water. Thus, non-
covalent functionalization approaches with organic compounds to avoid the stacking were 
developed. The employed of planar aromatic molecular like pyrene, perylene and their derivatives 
are used as driving forces for the exfoliation of graphite and stabilization of graphene derivatives in 
dispersion.117 With the modification of these species Lee and coworkers developed an amphiphilic 
structure composed by four pyrenes to generate a stable aqueous dispersion. The flexible 
conformation of the structure maximizes the π-π interaction with the graphene surface (Figure 27).118 
A similar approach was reported by Mann and coworkers in 2011.119 They developed a tripodal 





Figure 27. Tetra-pyrene derivative structure. Adapted from Lee et al. 2011.118 
Graphene and GO are ideal substrates for the dispersion of NPs due to their large surface areas. In 
this manner, modified graphene with Fe3O4 can be used in different applications: water cleaning120, 
biomedical application121 such as contrast agent in magnetic resonance image,122 drug delivery 
nanocarriers,123 phototermal therapy124 and cellular separation and isolation.125 On the other hand 
nanocomposites of graphene-gold NPs prepared by simple physisorption method have been widely 
studied as SERS agents with potential application in sensing.126 
Graphene non-covalent modification can also be performed on substrates. The molecule assembling 
is determinated by the interaction with the substrate, which can be weak for Ir(111), Pt(111) and 
SiC(0001) or strong for Ni(111) and Ru(0001).127,128 For systems where the graphene-substrate 
interaction is weak, e.g. SiC(0001), the molecular self-assembly is driven for the intermolecular 
forces.130 Figure 28 shows molecular assembly on surface (SiC(0001)), perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) molecules formed a well ordered monolayer.129 The PTCDA 
follow the graphene continuously over the defects and edges. The ordering of molecular deposited 
at surfaces is relevant for the performance of organic electronic and optoelectronic devices, such as 





Figure 28. a) STM image of a monolayer of perylene tetracarboxylic dianhydre, PTCDA deposited on epitaxyal 
graphene and b) unit cell structure. Adapted from Wang et al. 2009.130 
Due to the hydrophobic character of graphene, hydrophobic molecules are also adsorbed. For 
example, the use of alkoxy chains on phenyldiazonium salts permit patterned covalent modification 
of graphene. In particular, 4-docosyloxy-benzenediazonium tetrafluoroborate (DBT) promoted its 
physisorption onto the graphene surface (Figure 29).131 Then, the adsorbed DBT molecules yielded a 
well-ordered layer when were immersed in an aqueous solution. Finally, an electrochemical 
potential triggered the covalent attachment of the diazonium specie. This is a good example of how 
non-covalent functionalization can guide the generation of a covalent pattern. In addition, this 
strategy was successfully performed using SiO2, plastic and quartz as substrate. However, the 
grafting density for this approach is lower compared to the standard reaction because the dendritic 
growth of radicals is avoided. 
 
Figure 29. Scheme of diazonium salt molecules on graphene using a) organic solvents and b) aqueous solvents. 
Adapted from Xia et al. 2016.130 
In a similar manner, interactions of graphene with biomolecules through hydrophobic or π-π 
interactions are possible.132 For this reason, graphene can be used as platform for selective detection 
of biomolecules since can interact with DNA133, protein, enzimes134 and peptides135 as will be shown 
in the following section. 
1.5.  (CVD) Graphene applications 
The above mentioned unique set of properties makes graphene suitable for a wide spectrum of 
applications ranging from electronics to optics, sensors, and biodevices.136 In this section we will 
summarize the state of the art of graphene applications with special attention in CVD graphene as 
graphene derivative and in sensing applications. 
1.5.1. General applications of graphene 
The field of composites focuses on combining graphene with other materials to mainly exploit its 
mechanical properties.137 A representative example in biomedicine is its combination with CaSiO3 by 





compressive strength for scaffolds in the application of bone tissue engineering.138 Similarly, 
graphene is combined with metals to modify its mechanical strength and fatigue life.139 
As explained in the graphene properties section, thanks to the sp2 hybridization and the delocalized 
π electrons, the carrier mobility of the graphene makes this material a promising candidate for 
electronic applications such as energy storage, energy generation and sensing.61 In addition, its 
flexible nature enables the manufacture of flexible devices, which could be bendable, foldable, 
rollable and wearable, improving the contact and interface for biological measures as required. 140  
Over the course of the last years, the social demand for energy increases and the current trend in 
portable electronic require for a continuous miniaturization. Graphene can be used for energy 
storage in two different ways: on the one hand, graphene would be a catalyst in metal-air 
batteries;141 on the other hand, taking advantage of graphene’s ability to host ions, it could be used as 
an electrochemical double layer capacitor (EDLC),142 storing electrostatic charges on the electrode 
double layer leading to a new supercapacitors generation. 
In line with the increasing of the energy demand, graphene can be used in the scope of energy 
generation in solar photovoltaic technology thanks to its transparency, flexibility and charge 
transport properties. Lots of impressive results have been reported where graphene was used as 
electrode, (transparent anode143 or cathode144) or active layer (Schottky junction145, electron and/or 
hole transport layer,146 etc). For example, Figure 30 shows graphene being used as both hole- and 
electron- extraction layer in bulk heterojunction solar cells. 
 
Figure 30. General schemes and level diagrams of the solar cell device using: a) GO as hole transport layer and GO-Cs 
as the electron transport layer, and b) using GO and GO-Cs in the opposite way. Adapted from Liu et al. 2012.146 
Biomedical technologies are limited by the intrinsic properties of the materials currently 
employed.147 For instance, metal and silicon are among the most used materials for the fabrication of 
conventional implant devices. However, their poor long-term stability in physiological 




limitations. Graphene is a strong candidate for replacing current devices, in particular, because of its 
mechanical and electronic capabilities. For that reason, graphene is especially involved as advanced 
tool for drug delivery, tissue engineering and biosensing. However, the use of graphene for 
biomedical applications has more controversial, due to its impact on health. As with carbon 
nanotubes, chemical modification and production method used modulate the toxicity of graphene.148 
The main advantage of graphene over other nanomaterials for its use as platform for stabilization 
and delivering of drugs is the large surface area, which allows a high loading efficiency. Particularly, 
GO hidrophilicity promotes an easy dispersion in the biological fluid, therefore it is an excellent 
option for this application.149 In addition, this material could be modified in order to be a selective 
target for cancer cells through the immobilization of antigens for over expressed protein in these 
cells.150 As a representative example, GO/Fe3O4 nanocomposite was used to develop with a weight 
drug/GO ratio of 200%.151 Drug delivery can be easily manipulated by an external magnetic field 
thanks to the incorporation of the iron oxide component. The use of external field as stimulated 
strategy has been widely employed. An electrically response system was reported using a 
rGO/poly(vinyl alcohol) (PVA) composite.152 The same material also exhibits a pH-induce gel-sol 
transition, which is a property that can be used for a selective release of drugs at physiological pH.153 
For tissue engineering, three dimensional porous scaffolds are required for a good cell growth and 
tissue regeneration. The integration of nanomaterials to the existing polymer scaffolds enhances the 
electrical conductivity for cell stimulation. The utilization of 3D graphene foams not only can 
support neuron stem cells growth, but also can enhance differentiation to specialized neurons.154 In 
addition, graphene does not alter the physiological properties of the target tissue,155 and it has 
shown the capacity to control and accelerate osteogenic differentiation.156 Despite studies are still in 
the early steps, modified GO has been also tested as potential scaffold for bone tissue.157 Scaffold 
place in cranial bone defects of rabbits showed a higher proliferation of bone mineral density. 
1.5.2. Biosensors and other diagnostic tools 
In general, devices for biosensing are one of the most promising applications for graphene and will 
be one of the milestones to reach in this thesis. One of the many remaining challenges in biosensing 
concerns the efficiency and selectivity of the recognition event. In order to achieve low limit of 
detections (LOD), graphene has been extensively investigated as transducer components.158 
Biosensor is a chemical sensor in which the recognition system uses a biochemical mechanism.159 In 
general term, it is composed by a receptor and a transducer material, which is able to transform the 





Figure 31. Schematic representation of a general biosensor. 
Graphene is a material that is able to transform physical, chemical and biochemical information into 
an electrical or optical signal that can be measured. These properties, together with its large surface 
area, electron conductivity and capacity to immobilize different molecules, makes graphene as an 
ideal material to be used as transducer component. In particular, different sensing mechanisms 
including optical, electrochemical or electrical can be employed. With respect to the receptors, the 
most employed are enzymes for detection of ions or small molecules, DNA for different sequence-
specific DNA or antibodies for bacterial, viruses and other biomarkers (Figure 32).160 However, the 
receptor could be omitted since the direct interaction of the analyte with the transducer produce 






Figure 32. General scheme for selective bioreceptor in function of the analyte. Adapted from Peña-Bahamonte et al. 
2018.160 
GBMs are very useful in electrochemical sensors since they allow the increment of the signal-to-
noise ratio due to its good electrons transfer characteristics, a large electrochemical potential 
window and electrochemical stability (i.e. being resistant to oxidizing agent).161 Some examples have 
been described about enzymatic sensors of glucose with modified GBMs-electrode.162 Most of them 
are based on the electrochemical detection of hydrogen peroxide produce by Glucose Oxidase (GOx) 
which is usually linked to the GBMs. Some approach using N-doped graphene or the introduction of 
nanoparticles showed better limit of detection in the presence of interference.163 This is due to the 
transfer efficiency is enhanced because of a change in the Fermi potential. In addition, Qu and 
coworkers showed that the presence of carboxylic groups on the GO sheets enables the peroxidase 
catalytic activity, without the presence of GOx.164 
Electrochemiluminescence (ECL) sensors have been successfully developed using graphene as 
luminophore, electrode material and platform.165 ECL is currently a leading transduction technique 
in immunosensors due to its advantages compared to other luminescence techniques, such as low 
background, high sensitivity, electrochemical controllability, and wide dynamic range for sensing. 
They are based on the emission of light produced by an electron transfer triggered by an 
electrochemical reaction. The combination between graphene and ECL led to many applications, in 
particular, concerning as support of luminescent probes and as electrode component. In 2018, Yang 
and coworkers developed a sensor based on a 3D nanostructured graphene-aerogel as 
electrocatalytic support which amplified the ECL signal for a real-sample analysis of prostate 
specific antigen (Figure 33).166 Particularly, the use of high porosity GO enhanced the amount of the 
secondary antibody and the luminescence probe enhancing the sensitivity of the method. Besides, 
the ECL electrodes can be coated with graphene derivatives to improve the sensing performance. 
For example, Zhou and coworkers developed an ECL immunosensor which was able to detect 
different multiple tuberculosis infection markers with a low LOD (10 fg mL−1).167 The proposed 




nanomaterials were able to enhance the ECL signal intensity by promoting the electron-transfer 
reaction on the electrode. 
 
Figure 33. General scheme of the ECL immunosensor. Adapted from Yang et al. 2017. 166 
Besides, graphene can be used in optical sensors.168 GO worked as fluorescence quencher through 
fluorescence resonance energy transfer (FRET) mechanism when the energy is transferred from a 
donor to an acceptor dye molecule. A similar work was reported by the noncovalent conjugation of a 
dye-label thrombin aptamer to the graphene surface (Figure 34).169 The weak aptamer conformation 
is affected by its interaction with graphene surface losing the fluorescence capability. Then, the 
fluorescence recovery is induced for the thrombin attachment generating a measurable signal. When 
the protein is selectively recognized the quaternary formation of the aptamer is recovered. An 
antibody sensor was developed in order to address the problem of detection of low concentration of 
circulating cancer cells, which are responsible of the cancer metastases.170 Noncovalent 
functionalized GO on flower gold patterns showed excellent sensitivity such as 3–5 cells per mL of 




Figure 34. General scheme of the optical sensor based on the aptamer conformation change. Adapted from Chang et al. 
2010.169 Fluorescein amidite (FAM) 
1.5.2.1. Biosensors based on graphene transistors 
In relation with the potential graphene electronic applications, the use of graphene as biosensor 
significantly improve the performance of these devices. Currently, the use of-wearable devices is a 
hot topic in medical research because allow in vivo-real time long-term and non-invasive studies. In 
2012, it was developed a tooth tattoo for cows in order to study the saliva bacteria.171 They fabricated 
an extremely sensitive wearable sensor to real-time monitoring. This flexible device is based on 
graphene electrodes in which graphene is functionalized with selective peptides to recognize saliva 
bacteria that involved in the stomach cancer generation. The obtained sensor was implanted onto the 
tool enamel and the results could be wirelessly followed. The mesurable signal consisted in the 
resistant change in function of the bonded bacteria. More recently, a flexible graphene photodetector 
for wearable fitness monitoring has been developed.172 This device monitored real-time 
photoplethysmography, which is a non-invasive technique to detect blood volume changes. With 
this measurement, the heart rate, respiration rate and artery oxygen saturation can be controlled, 
offering a potential platform for health-care monitoring.173 
 
Figure 35. a) Optical image of the graphene tooth sensor. Adapted from Mannoor et al. 2012.171 And b) optical image of 





A Field Effect Transistor (FET) is a transistor which is composed by three electrodes (source, drain 
and gate), a dielectric and a semiconductor components. Source and drain electrodes are conductive 
metals such as gold or aluminium. The FET performance is based on the control of the conductivity 
of a semiconductor material channel by an electric field.174 Source is defined as the electrode through 
the carriers flow into the channel, while drain is the electrode in which the carriers flow out of the 
channel and gate is the third electrode that modulate the channel conductivity. Currently, there are 
many different types of FETs, all of them are based on the distinguished by the insulating method 
between the channel and the gate.175 Despite the number of possible FETs configurations, a bottom-
gate top-contact FET will be explained in order to clarify how it works (Figure 36). 
 
Figure 36. Schematic representations of a FET. 
When a voltage difference is applied between source and gate, an electric field is generated in the 
semiconductor-dielectric interface allowing/controlling the conductivity between drain and source 
electrodes. Conventionally, a FET is a unipolar transistor as involves the transport of electrons or 
holes. Depending on the semiconductor type, n-type or p-type, the applied voltage is negative or 
positive, respectively. 
However, graphene can improve the FET performance. The parameter that involves the conductive 
or the insulating character of a material is the position of the electronic bands (valence and 
conduction band, Figure 37). For insulator, the two bands are separated by an energy gap (Eg) where 
no electron states can exist. In semiconductor, the Eg between the two bands has an energy distance 
which could be overcome the excitability of the electrons of the valence bands. While for conductive 









Figure 37. Band structure for the different materials. 
Generally, the main material used as a semiconductor was the inorganic amorphous silicon. Before 
graphene electronic properties discovering, it was common the use of bilayer of organic 
heterostructure. In 1995, Dodabalapur and co-workers combined layers of hole-conducting α-
hexathienylene and the electron-conducting C60 to achieve the first ambipolar organic field-effect 
transistor.176 Despite graphene is a zero band-gap material, which makes it useless as a conventional 
transducer material for FETs, the influence of the atomic defects leads to an adjustment of the energy 
gap. In the following paragraphs, it will be explained how the electronic field takes advantages of 
the graphene properties for a better understanding of graphene FET biosensors. 
As was previously commented, graphene has ambipolar behavior since is a zero band gap 
semiconductor and its conductive and valence bands meet at the Dirac point (Figure 37). So, it can be 
an n-type and p-type semiconductor depending of the applied voltage or the charge species near the 
surface.177 Therefore, three situations can be found with graphene (Figure 38a): (i) the Fermi level of 
graphene has the same energy that the Dirac point, then graphene is neutral, and its conductivity is 
minimum. (ii) The Fermi level is above zero, there is transport of electrons, so graphene behaves like 
a n-type semiconductor. (iii) The Fermi level is below zero, there is transport of holes, so graphene 
behaves like a p-type semiconductor.178 The Dirac point can also be shifted by doping as a result of 

























Figure 38. a) Changes in the position of the Fermi level energy with changing the gate voltage for graphene Dirac cones 
and b) General scheme of a Graphene solution-gated field-effect transistor (g-SGFET). Adapted from Mackin et al 
2014.180 
Since most of the biological processes happen in aqueous solution, the development of graphene 
sensors which are able to detect molecules in an electrolyte solution is mandatory. For this purpose, 
the most suitable graphene transistor is graphene-Solution Gate Field Effect Transistor (g-SGFET, 
Figure 38b), in which the reference electrode immersed in an electrolyte solution behaves like the 
gate electrode. When graphene (or any charged surface) is immersed in the electrolyte solution, the 
ions dissolved in water with the opposite charge are accumulated at the graphene interface, to 
compensate the charge generated in the surface due to the electrochemical potential applied between 
the source and the gate/reference-electrode.181 The redistribution of these ions is predicted by 
different theories. For high concentration, i) Helmholtz model describes that the hydrated-counter-
ions form a monolayer near the surface shaping an electrical double layer (EDL). However, the EDL 
is not constant. It can vary according to the ionic concentration and the applied potential. ii) The 
Gouy-Chapman model considers that the ions are mobile in the solution and suggests that there is 
ion diffusion driven by a gradient concentration. A last modification was done by Stern to introduce 
iii) the Gouy-Chapman-Stern model which proposed, adding to the previous model, ions physically 
adsorbed in the surface (Figure 39).182 In summary, the length of the effective distance to compensate 
the solid charge where electrostatic effect persists is called Debye length (λD), which involves the 
compact layer (Helmholtz layer) and the diffusive layer until the electrostatic effect persists 






Figure 39. Gouy-Chapman-Stern model of the electrical double layer showing the distribution of hydrates ions for a 
negative charged surface and the potential profile as a function of distance. Adapted from Brown et al 2016.184 
The working principle of FET sensor is based on the conductivity change in the sensing channel, that 
is at the graphene interface. To enable specific detection, a selective receptor is needed on the 
graphene surface. In the sensing step, when a target analyte binds to the receptor, it causes an 
electric change on the graphene that can be externally measured. In particular, the recognition event 
by the receptor will generate an ionic dispersion in function of the analyte, which will be shielded by 
the ionic solution. Thus, depending on the concentration of the detected analyte the conductivity can 
be altered. It is crucial to take into account the length of the conjugated receptor-analyte and the 
distance from the surface in which molecules can be detected. The λD is inversely proportional to the 
concentration of the buffer used. In figure 40 is shown the variation of the λD according with 
different electrolytic buffer concentrations. 185 
 
Figure 40. Scheme showing the height of Debye length (λD) on a sensor surface for different electrolytic buffer 
concentrations. 
By using graphene-based FETs the detection of a large variety of analytes was reported.186 The 
employment of single-strained polynucleotides as receptor in graphene-based FETs is promising for 
the detection of DNA and RNA due to the often-high sensitivity and selectivity avoiding any 
fluorescence or electrochemical labeling. For example, for a CVD graphene-based FET using DNA 
strands as receptor reached a detection limit of 10 pM.187 An extraordinary higher sensitivity in a 
DNA FET has been recently reported using a deformed monolayer CVD graphene channel in 
millimeter scale structures.188 In particular, the device showed a LOD in buffer and human serum 
sample down to 600 zM and 20 aM, respectively, which are ∼18 and ∼600 nucleic acid molecules 
detected. Theoretical studies suggested that this state-of-the-art performance is achieved because the 
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reduce the charge screening at the concave regions. Besides, the deformed graphene could exhibit a 
band-gap, allowing an exponential change in the source-drain current from small numbers of 
charges (Figure 41). 
 
Figure 41. Scheme of the flat (top) and crumpled (down) graphene sensor and their respective band gap structure and I-
V curve. Adapted from Hwang et al. 2020.188 
Aptamer-modified graphene FETs have been successfully studied for biomolecule recognition based 
on electric variation in the semiconductor channel. For small molecules, the binding between 
aptamer and analyte results in the conformational change of the charge aptamer, hence, in a shift in 
the CNP. A modified pyrene-aptamer was used as selective sensor for ATP.189 Aptamer can also be 
attached directly to the graphene surface. The variation in the graphene FET drain current was study 
for immunoglobulin E sensing.190 The use of aptamers and short linkers allows a high sensitivity 
since the reaction happens close to the graphene surface.191 Besides, aptamers could be used in the 
recognition of large molecules, such as proteins. For example, a selective aptamer for Hemagglutinin 
(HA) which is a protein biomarker of H1N5 avian influenza virus, was used in the development of a 
FET sensor in serum chicken.192 The attached charged macromolecule induces an ion rediffusion 
which is translated in a change in the measured potential.193 
Enzymes can be also bound to the FET channel surface. After the enzymatic reaction, the 
concentration change of the analyte or the corresponding product modulate the FET characteristics 
allowing analyte detection. They have used for glucose and neurotransmitter sensing. The 
monitorization of glucose level is highly desirable because it is associated with diabetes, 
hypoglycemia, and certain other diseases. A FET device composed of a graphene monolayer 
modified with glucose oxidase as channel showed LODs of 3.3–10.9 mM glucose.194 The modulation 
of the channel conductivity occurs by means of n-doping of the graphene layers due to charge 
transfer from the enzymatically generated H2O2. Detection of neurotransmitters is essential in order 
to understand how the brain works and to identify neurological diseases.195 However, it is extremely 
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difficult because they are locally released for truly short periods of time. Garrido and coworkers 
developed a graphene-based FET using polymer brushes to specifically detect the neurotransmitter 
acetylcholine.196 Particularly, the polymer was grown on the graphene component by 
photopolymerization using the t-butyl methacrylate and N,N-dimethylaminoethyl methacrylate 
monomers. The first monomer provided the carboxyl groups where the enzyme acetylcholinesterase 
is chemically bonded, while the second one contributed with pH-sensitive groups which can detect 
the pH variations produced by the enzymatic degradation of the neurotransmitter to acetate, choline 
and protons. Thus, the local change of the pH value near graphene produces graphene doping that 
can be detected and quantified. 
The precise detection of the pH value or of differences in the pH value is an important challenge in 
biosensing since the enzymatic reactions are leading to a local change of the pH. In addition, the pH 
monitorization is useful for the diagnosis of neural diseases.  
The development of graphene FET immunosensors are extremely attractive for point-of-care 
applications because of the specific antigen-antibody interactions allowing direct or indirect 
detection methods. However, given the λD, the relatively large size of an antibody-analyte complex 
(9-15 nm) hinders its use in physiological media by a direct method. Therefore, the use of antibody 
fragments is mandatory.197 Seo and coworkers have recently developed a graphene-based FET 
sensor for COVID-19 detection, in which the SARS-CoV-2 spike antibody was conjugated to a 
noncovalently modified graphene with 1-pyrenebutyric acid N-hydroxysuccinimide.198 The sensor 
was able to detect the SARS-CoV-2 virus in different media including clinical samples, transport 
medium, and cultured virus. Besides, sandwich immunoassays can be implemented on graphene-
based FETs.199 For example, by using a sandwich immunoassay composed by a secondary antibody 
fragment tagged with a charged protein produced a high current change in graphene when the 
sandwich is formed (Figure 42). 
 
Figure 42. Scheme of the sandwich immunoassay for antigen FET sensor. VL: antibody fragment attached to the 
graphene surface and VH: labeled antibody fragment. Adapted from Kanai et al. 2020.199 
The detection of electrically active cells is of high importance. Neural diseases are significantly 
growing in the last decades due to the population ageing. Neuroscientists are looking for 
technologies that are able to record brain signals because they give crucial information about neural 
diseases. Based on this model, diverse research groups have recently developed flexible polyimide 
SGFET as brain-computer interfaces. The flexible character allows a better contact with the 
roughness brain surface. With these devices, they were able to record in vivo neural activity such as 




possible measure this activity because of the limitation of the current devices. This activity is related 
to the ions flow that passes through the neurons and can be translate to an extremely low voltages 
variation. 
 
Figure 43. a) Representation of the Solution Gate Field Effect Transistor (SGFET) for in vivo recording in brain rat and b) Image of 
the neural probe. Adapted from MasVidal-Codina et al. 2019.
201 
These transistors exhibit signal-to-noise ratio better to the current platinum one with limit signal 
above 1kHz. Despite, these new devices are a great step towards a better diagnosis about the 
growing neuronal diseases, there is a need to improve the interface between the biological 
environment and the electrical system. For a better understanding of the neuronal processes, such as 
neurotransmitters or physiological changes in the brain environment, it is necessary the 
implementation of other sensing capabilities. 
1.5.2.2. Diagnostic tools based on Mass Spectrometry. 
Laser desorption/ionization (LDI), coupled with time-of-flight mass spectrometry (TOF MS) has 
become an indispensable analytical tool for the detection and analysis of small molecules, 
biomolecules, virus, bacteria residing in complex biological systems.202 The LDI can be assisted by a 
matrix (matrix-assisted laser desorption/ionization mass spectrometry, MALDI MS which often are 
organic or inorganic compounds. But one of the main problems that MALDI presents is the matrix 
interference with molecules with small molecular weight (< 700Da). The matrix is necessary because 
transfers the energy from the laser to the analyte and reduce the ions fragmentation; however, it 
introduces background ions that can hinder the analyte signals. Therefore, it is necessary to look for 
novel strategies to improve the spectrometric analysis.203 Nanomaterials have been widely 
developed as efficient assisted matrices for LDI detection of small molecules.204 Carbon 
nanomaterials, including GBMs, have been demonstrated as an efficient matrix for MALDI. In 
particular, graphene has shown a great capacity in MALDI-MS analysis of small molecules due to 
high surface area, and electronic conductivity, a background-free mass spectrum in the low molecule 
weight regions and a high desorption/ionization efficiency. Generally, oxidized carbon materials are 
the most employed nanostructures in this field because of their easily fragmentability. In 2010, rGO 
was utilized for the first time as a matrix for MALDI in the detection of nucleosides and amino 
acids.205 Recently, GO was coated over the sample and has shown a powerful capability as MALDI 
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matrix to detect more than 200 hundred molecules, including lipids and metabolites, and to perform 
MALDI-imaging combined with in situ mass spectroscopy in mouse brain tissue section (Figure 
44).206 
 
Figure 44. a) General scheme of graphene used as MALDI matrix and b) mass spectrum and ion images of mouse brain 
horizontal tissue section. Adapted from Zhou et al. 2017.206 
The chemical functionalization of graphene can increase the adsorption capability and selectivity of 
the corresponding analytes by anchoring functional molecules,. In addition, the large specific surface 
area provided oriented analyte immmobilization and concomitant pasivation of the surface to avoid 
unespecific adsorption of contaminants that could interfere in the analysis. In this context, an 
improvement of the standard MALDI-MS method for the detection of N-glycans released from 
glycoproteins was reported by using noncovalent functionlized GO via π-π stacking interactions 
with pyrene derivatives activated as acid chlorides (Figure 45).207 
 
Figure 45. Schematic illustration of the procedure for PCGO preparation and Glycan Enrichment. Adapted from 
Zhang et al. 2013.207 
The LDI can also be assisted by the surface of substrate materials, namely, surface- assisted laser 





well-structured materials as support for the sample and at the same time can transfer the energy 
from the laser to the sample. This strategy is called Surface-Assisted laser desorption ionization MS 
(SALDI).208 Currently, the most widely used surfaces are porous silicon,209 sol-gels which are 
structures formed by siloxane mixed with metals,210 porous polymer211 or the recently use of 
nanomaterials.212 Although surfaces composed of graphene has promising applications in SALDI, 
only few examples have been reported. An rGO paper decorated with graphitic nanospheres as a 
substrate for matrix-free LDI-MS detection significantly increased the detection limit of diverse 
molecules compared to commercial products.213 This carbon-based platform was obtained by pulsed 
laser irradiation in a selected area of filtrated graphene sheets generating these nanospheres that 
increased the LOD of diverse towards molecules by over two orders of magnitude compared to the 
pristine graphene paper. Moreover, the surface hydrophobicity and electric conductivity are 
enhanced after the laser engineering process.  
 
Figure 46. Scheme of the graphene SALDI paper and imaging MS of the pattering surface. Adapted from Qian et al. 
2013.213 
Recently, a SALDI platform based on graphene-like monolayer for analysis of diverse small 
molecules with good LODs of 1 pmol to 10 fmol.214 The graphenic surface was prepared from self-
assembled monolayers of aromatic thiolates on gold on gold by a sequence of irradiative and 
thermal treatments.  
Despite these promising examples, some inconvenient remains, such as aggregation and provide a 
low shot-to-shot reproducibility. In the work developed by the group of Prof. Jiang based on a 3D 
printed graphene oxide-doped MALDI target, the doped GO acts as laser absorber and ionization 
promoter, thus permitting the direct analysis of samples without addition of organic matrix and 




Figure 47. MS spectrum of bisphenol S as model analyte to test the reusability of the 3D printed graphene oxide-doped 





Appendix: Characterization techniques 
To the most employed characterization techniques to corroborate chemical modifications of 
graphene are listed in the following section. 
Raman spectroscopy 
Within all the possible characterization techniques for CNMs, Raman spectroscopy is the most 
relevant one due to its sensitivity to the vibration of C-C bonds. The study of inelastic light 
scattering (the kinetic energy of the particle which impact is not conserved, is transformed or lost) 
gives us structural information about the defect concentration, stacking of the layers or crystalline 
size.216 
All the CNMs, present a similar Raman spectrum as the figure 48a shows.219 In particular the Raman 
spectrum of graphene includes several peaks which are well distinguished and understood, which 
allow obtaining important spectroscopic information regarding its structure. At ≈1580 cm-1 G peak is 
an in-plane bond stretching vibration mode (a change in the length of a bond) in the honeycomb 
lattice. It allows for the change in the bond length between all pairs of sp2 atoms.217 The D band at 
≈1350 cm-1. This band appears when there is scattering between two no equivalent atoms. This can 
happen near ‚defects sites‛ such as a sp3 type carbon formed due to the attachment of functional 
groups. Consequently, the ratio ID/IG gives us information about the amount of sp3 type defects is the 
main tool to semi-quantify the graphene covalent functionalization level of graphene. Finally, the 2D 
peak at ≈2700 cm-1 is a second-order mode of the D band. It is related with the number of layers 
(figure 48b) changing in shape and intensity with them.218 
 
Figure 48. (a) Raman spectra of some carbon allotropes and (b) Raman spectra of GBMs. Adapted from Wu et al. 2015.219 
X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a technique that determines the surface chemical 
composition of the analyzed material. When a solid surface is irradiated under ultra-high vacuum 
(UHV) conditions with a beam of X-rays, photoelectrons of these surface atoms are emitted. 
Simultaneously, the kinetic energy and the energy of the photons are measured. The binding energy 




              
In this equation, Wm is the work function of the instrument, Ek is the kinetic energy of the electron, 
Eh𝜈 is the energy of the phonon and Eb is the binding energy of the electron. For each element, the 
electrons have an identified binding energy; therefore, the elemental composition of the sample can 
be obtained (Figure 49a). 
 
Figure 49. a) Survey of a functionalized graphene with fluorine-containing molecules and b) deconvoluted C1s core 
level. Adapted from Sulleiro et al 2018.220 
High resolution scan can be performed into specific ranges. With the de-convolution of these regions 
into different components, information of covalent interaction can be attributed to this new 
component obtained as we can see in the figure 49b for de C1s region. 
Electron Microscopy techniques. 
Scanning electron microscopy (SEM) is a technique which gives us high resolution images of the 
sample topography. An electron beam irradiates the sample surface. Usually, secondary electrons 
are emitted when these electrons have enough energy to be ejected from the surface, and collected 
for a detector, displaying an image of the surface topography.221 
Transmission electron microscopy (TEM), is based on passing an electron beam through the sample, 
which normally is not more than 100 nm thick. Due to this interaction, the electrons are diffracted, 
(in function of the electron density of the sample) and detected by a CCD camera to obtain an image 







Figure 50. a) TEM image of monolayer grapheme and b) SEM image of few layers graphene. Adapted from Hernandez 
et al 2008. 222 
Atomic Force Microscopy 
In this thesis, Atomic Force Microscopy (AFM) became a powerful technique to determine the 
surface changes after our different modification. In AFM the sample is sweep with a sharp tip 
mounted to a cantilever. This interaction leads in a cantilever deflection. The laser beam reflected on 
the cantilever experiment change and is detected. In this manner a topographic image is obtained. 223 
The system is connecting to a piezo driver in order to maintain the force or amplitude constant (in 
function of the mode, figure 51). 
 
Figure 51. Schematic diagram of Atomic Force Microscope. Adapted from Guo et al 2014. 224 
In this thesis 3 different AFM modes were used: 
(i) Contact mode: the tip is in contact with the sample surface. The cantilever bending is measured 
through a laser deflection signal change. The feedback loop, in order to work with constant force, 
responds by adjusting the tip-sample distance. This mode has the disadvantage that both sample 
and tip may suffer damage. 
(ii) Tapping mode: In this mode, the cantilever oscillates at a frequency determined for the tip. The 
amplitude is constant due to the feedback loop, so the changes in the frequency give us information 




(iii) PeakForce tapping mode: It operates in similar way that tapping mode. However, the cantilever 
oscillates at a frequency below the resonant mode. The tip is periodically tapping the sample 
(pNewton interactions). Thus, in each tapping cycle, a different force curve is measured, which lead 
to a higher resolution image. In this case, force is measured directly for the deflection of the 
cantilever.225 
 
Figure 52. a) Interatomic force variation between tip and sample for tapping mode and b) plot of force and position 
again time for peakforce tapping mode. Adapted from Jalili et al 2004226. 
With this new AFM mode, besides the height and the properties of the material at nanoscale can be 
studied, such as surfaces forces, mechanical deformation, elastic modulus and energy dissipation. 
Matrix-Assisted Laser Desorption/Ionization. 
Matrix-Assisted Laser Desorption/Ionization (MALDI) is an ionization method for Mass 
Spectroscopy (MS). A matrix is mixed with the analyte, to transfer the energy to it, and the resulting 
crystalized mix is irradiated with a laser beam generating ions. These ions are accelerated, passed 
through a quadrupole filter. According to the mass-to-charge ratios [m/z] values, they have different 
times of flight (TOF), thus the ions are separated, and they reach the detector. 
 
Figure 53. a) Analyte/matrix ionization process and b) quadrupole filter Adapted from Bruker.227 
There are several factors to take in account to choose the most suitable matrix, but it mainly depends 
on the type of compounds you want to analyze. The matrix must have a high desorption/ionization 
efficiency of the laser and might contribute to the vaporization of the sample. The most common 
matrices are 2,5-dihydroxybenzoic acid (DHB) for detection of low-weight molecules and 3.5-
dimethoxy-4hydroxycinnamic acid (sinapic acid) for high-weight molecules like proteins.228 






assistance. As mentioned previously, graphene derivatives can be used as MALDI matrix and as 
SALDI or SELDI support. This point has been one of the main chapters of this thesis. 
Contact Angle. 
Wetting solid surface with liquid is a classical way to understand the nature of a material. When a 
drop of a solvent is put in contact with a flat solid surface and the liquid does not wet the solid 
completely, a Young’s equilibrium angle θ is formed. For a polar solvent like water, if this angle 
(called contact angle) is larger than 90°, the surface is considered hydrophobic. Otherwise, if the 
angle formed is smaller than 90°, the surface is considered hydrophilic.229 In the image 54, both 
formed contact angles are hydrophilic; however, the first example is considered more hydrophilic 
than the second one. With this method, we can study hydrophobic changes on surfaces after 
chemical or physical treatments. 
 




































2. Results and discussions 
2.1. Aim of the work 
The use of CVD graphene has been widely studied in both electronic and sensor fields as shown 
along the previous introduction. Moreover, the chemical functionalization of graphene allows to 
introduce other functionalities and to increases the adsorption capability of functional biomolecules 
and tuning its properties. 
Given that, in this thesis the conventional routes for the functionalization CVD graphene have been 
studied in different surfaces and substrates in order to develop organic interfaces that will be useful 
for the recognition of biomolecules. 
Particularly, the development of a covalently functionalized graphene sensing platform, such as 
graphene Solution-Gated Field Effect transistors (graphene-SGFET), was addressed to introduce a 
carboxylic group as ‚anchor points‛, which will be used to link a selective aptamer for thrombin 
recognition.  
Moreover, a solvent cleaning procedure of CVD graphene transistors was investigated. This 
approach showed evidences of the chemical doping reduction as well as noise levels typically 
associated to polymers residues after each of the photolithography processes. 
In addition, taking advantage of the high desorption/ionization efficiency of graphene, several 
modified CVD graphene-based glycan arrays were manufactured on different substrates, including 
ITO and bare glass, as a potential sensing platforms. The obtained graphene-based arrays were able 





2.2. Chemical modification of graphene-based transistors for biosensing applications 
The following research has been performed in the framework of the Graphene Flagship Project, 
which is the European Union’s biggest scientific research initiative. In particular, our group is 
involved in the work package entitled Biomedical Technologies that aims at the development of 
implants and therapeutic elements for specific clinical outcomes in neurology, ophthalmology and 
surgery to design the future generation of medical implants. This initiative is composed by 145 
groups and partners, from 21 different countries. This research has been developed in collaboration 
with the Biomedical Application Group headed by Prof. Rosa Villa in the Centro Nacional de 
Microelectronica in Barcelona. 
In the remainder of this discussion, the nomenclature introduced by Criado and coworkers72a has 
been applied (Figure 55) to clearly differentiate the type of support substrate of graphene and the 
functional group to which graphene is covalently linked when is required. 
 
Figure 55. Nomenclature adopted for functionalized graphene on a substrate. 
In recent years, the amount of people who suffer neurological disorders such as stroke, encephalitis, 
Alzheimer’s disease, epilepsy or Parkinson, have been increased due to the high life expectancy and 
the reduce of the fertility, which results in population aging and is estimated to increase in years to 
come.230 For this reason, there is a significant interest in the study about the brain for diagnosis and 
therapy. Graphene-based devices have been one of the most promising material candidates for 
neural monitoring due to the remarkable electronic properties of graphene.61,201 In addition, the 
graphene flexibility can also improve the interaction of the device with the neuronal tissue.231 
In particular, the goal of our work is to develop and provide design rules for an in vivo sensing 
platform for novel diagnosis and treatments, which can be applied for future neural flexible probes 
based on graphene (e.g. graphene microtransistor array on polyimide, Figure 56). The final implants 
will use the modified graphene as component to monitor and influence the nervous system. These 
devices will consist in microelectrode arrays of graphene-based FETs (GFET).232 Since it is necessary 
standardization and thus commercialization, the development of reproducible measures is required. 
Hence, the purest and cleanest graphene is needed in order to have the minimum impurities that 
could affect the reproducibility of the measurements. With this purpose, the followed strategy has 
been based on the generation of interfaces for better environment recognition through graphene 




In this context, on the one hand, we have firstly studied a cleaning method for graphene as transistor 
component to obtain the best device performance. On the other hand, the implementation of sensing 
capacities to GFET has been addressed by chemical modification. 
 
Figure 56. Scheme of the different architectures used in the developed of the sensing platform. 
For these purposes, different CVD graphene samples have been used. As first approach towards 
novel flexible in vivo sensing implants (e.g. graphene microtransistors on polyimides, Figure 56), we 
have focused on simple architectures, such as CVD graphene on SiO2 substrate (SiO2/G, 1 x 1 cm); 
individual CVD graphene macrotransistors (SiO2/MGFET), which are composed of two gold 
electrodes to connect to the measurement setup, and a graphene ribbon of 1.0 x 0.5 cm on SiO2; and 
chips (SiO2/mGFET) composed of forty-eight CVD graphene microtransistors array. Particularly, 
these arrays are made of different layers as shown in figure 57. Each microtransistor possesses a 50 
µm graphene ribbon as semiconductor on SiO2. Given that the electrical characterization is 
performed in aqueous solution, the protection of the metal tracks is mandatory to avoid short circuit. 














Figure 57. a) SiO2/mGFET at different magnifications, b) device layers and c) optical image of an individual CVD 
graphene microtransistor. 
In the following studies, these samples have been employed for different purposes. SiO2/G and 
SiO2/MGFET have been used to find the optimal conditions since the large dimension of graphene 
allows complete surface analysis by different techniques. In addition, SiO2/MGFET offered the 
possibility to obtaining a preliminary electronic characterization. Then, the SiO2/mGFET has been 
mainly used to precisely characterize the electronic properties of graphene due to the high data 
generated for one sample. However, the surface analysis of graphene in this chip is limited due to 
the low dimension of the graphene component (50 nm). 
2.3. Effect of solvent in CVD graphene processed devices 
The two types of devices SiO2/MGFET and SiO2/mGFET were employed for evaluating the 
effectivity of diverse solvents to remove polymer residues from the graphene surface as post-
lithographic cleaning process. The two graphene-based devices were built using a clean-room 
process, minimizing any contamination on the graphene surface to obtain an excellent performance. 
They were manufactured by a sequential layer-by-layer deposition using photolithography steps to 
define the shape of each layer (Figure 98). Photolithography consists of defining a pattern from a 
photomask by illumination the sample with UV-light to a photosensitive surface to enable the 
deposition of a new material.234 
In this kind of fabrication process, different polymers are used in each photolithography step and 
can introduce some contamination in the semiconducting material. Graphene as effective 
semiconductor in FETs is very sensitive to the retained contamination. The polymer residues can 
introduce chemical doping species, can reduce carrier mobility and can degrade the signal to noise 
ratio. For SiO2/mGFET, three different polymers were used in this device fabrication. PPMA and 
AZ5214E (Clariant, Germany) were used in the graphene transfer steps to provide mechanical 
stability once it is delaminated, and an epoxy polymer (SU-8) to passivate the metal tracks. 











However, SiO2/MGFET fabrication was based on CVD graphene transfer, i.e. graphene in contact 
with PMMA, while only AZ is used for patterning the graphene macrotransistor channel. Since 
alternative microfabrication technology is not currently identified, a solution based on post-
lithography cleaning processes has been evaluated. 
Along our chemical processes of graphene, an unexpected tendency was observed in the graphene 
electrical properties in chemical processes when THF was presented. For that reason, solvent 
cleaning influence in the electronic performance of GFET was then addressed. 
Polymer solubility involves many different parameters such as solvent diffusion and chain 
disentanglement. To select with precision the most suitable solvent for polymer removal by wet 
cleaning process, both thermodynamic and kinetic considerations must be taken. Hildebrand and 
Hansen solubility parameters, which are interpreted in terms of molecular interactions, are the most 
preferred methodologies to calculate the best solvent (or mixture of them), according to three main 
characteristics: polar, dispersive and hydrogen bonding interactions between solvent and polymer. 
On the other hand, kinetic mechanisms also play an important role in the polymer dissolution 
process, as only favorable interactions do not guarantee an effective dissolution. Due to the fact that 
the solvent aggression begins by pushing the more superficial rubbery polymer into the solvent, and 
with the time, a larger dilute upper layer is pushed into the solvent, further penetration of the 
solvent into the solid increases the solubility.235 For instance, Miller Chou et al. reported that the 
dissolution rate of the polymer chains decreases with increasing solvent molecular size because it is 
limited by the solvent molecules penetration.236 According to this affirmation, MeOH should be the 
most suitable solvent. However, it has been reported that some polymer films crack in MeOH.237 
This event could affect the device architecture and performance. As an alternative to MeOH, a 
mixture of acetone and isopropanol is routinely employed in some intermediate steps of the 
microprocessing sequences without reported cracking. However, acetone tends to leave many 
organic residues and isopropanol cannot always penetrate to remove them all. 
 
Figure 58. Schematic one-dimensional solvent diffusion and polymer dissolution. Adapted from Narasimhan et al. 
1998.235 
As mentioned above, the commercial polymer materials PMMA, AZ, and SU-8 polymers were used 
in the fabrication process of our graphene-based devices. Since specific information for AZ and SU-8 
polymers was not available, the information of structurally similar polymers such as Amberol F7 
and Araldi was respectively used. Thus, the indicative solubility parameters of the polymers 























MPa1/2.238 Accordingly, EtOH and THF were specifically selected as cleaning polymer agents. They, 
both, present acceptable solubility parameters for the target polymers (EtOH = 26.0 MPa1/2, THF = 18.6 
MPa1/2) and have low molecular weights.239 Moreover, the two solvents are volatile and easy to 
remove [20]. While THF is considered to be one of the most efficient universal solvents, EtOH can be 
preferred for industrial applications, as it is non-toxic and more environmentally-friendly. 
For evaluating the effect of these two solvents for cleaning graphene surface of polymer residues in 
solution-gated field effect transistors (SGFET), the two graphene devices SiO2/MGFET and 
SiO2/mGFET were employed. Firstly, the large area graphene SiO2/MGFET allowed a physic-
chemical characterization of the graphene surface, to understand the solvent effect in the residues 
from PMMA and AZ. In particular, the polymer solvation was assessed by both extended and local 
surface characterization techniques. Then, the assessment of SiO2/mGFET permitted a refined 
studied of the effect of the three polymer residues, including SU8, based on its electrical 
performance, in terms of charge neutrality point (CNP), transconductance and noise levels. 
The presence of polymer residues before and after the cleaning process in SiO2/MGFET samples 
were determined by XPS, AFM and Raman spectroscopy. XPS provided evidence of the polymer 
contamination in relation to the chemical bond spectra obtained from the graphene surface. Pristine 
suspended graphene would show a single XPS emission band corresponding to the C=C core level 
binding energy which is found at 284.70 eV.240 For transferred graphene supported on for example 
SiO2 wafer, the XPS spectrum also contains the substrate relate contributions since the probe depth 
of XPS is greater than the graphene film thickness. In addition, oxygen-containing carbon groups 
such as C-O and C-O-C (≈ 286 eV), C=O (≈ 287.5 eV) and O-C=O (≈ 289 eV) appears due to 
amorphous carbon and polymer contamination. Figure 59c shows a typical C1s core level spectrum 
of a SiO2/MGFET. The presence of oxygenated groups indicates that polymer contamination, from 
PMMA and AZ employed during transfer and patterning, respectively, is present. The initially 
higher area of O-C=O groups is an indication that contamination correspond to PMMA residues, as 
it can be clearly understood from the reference spectrum of a PMMA film as compared to AZ 
reference spectrum (Figure 59a and b respectively). However, the absence of high oxygen-content 






Figure 59. Deconvoluted C1s Core levels for a) PMMA, b) epoxi resin AZ, SiO2/MGFET c) before treatment and d) after 
120’ EtOH cleaning process. 
Then the cleaning treatments of SiO2/MGFET with EtOH and THF were performed at different 
times, 10 and 120 minutes. Considering the C/O/Si atomic percentages before and after the solvent 
step fully supports that an effective removal of certain amount of polymer residues is obtained and 
that it can be attributed to both applied solvents (Table 8, 10, 12 and 14). For the EtOH-substrates 
treated, a reduction in the (O-C=O) component, was observed (≈ 2.5 %, Table 1). This decrease in the 
carboxylic groups in XPS implies an elimination of the polymer. For the samples treated with THF, 
the decrease in the (O-C=O) component cannot be established because the initial amount of this 
specie was originally lower. The amount of polymer residue can vary from batch to batch but also 








Table 1. Percentage of reduction in the traceable XPS peak, AFM roughness and macroscopic damage observed 










EtOH 10 -2.56 -0.37 None 
EtOH 120 -2.61 -1.89 None 
THF 10 -0.68 -0.80 Detachment 
THF 120 -1.02 -0.77 Detachment 
 
The presence of polymer contamination and the subsequent effect of EtOH and THF solvation were 
also confirmed by the AFM results. The contamination consists of an ultrathin molecular layer on 
top of the graphene, but polymer rests in the form of nanometers particles can also be obtained. As 
reflected the AFM images in Figure 60a and c, the highly rough surface of graphene is indicative of 
the polymer residues in the form of spots. They were found in all processed samples, with a 
heterogenous distribution and density. As for the solvent cleaning, apparent topography changes 
were observed for both EtOH and THF, without significant differences on time duration. Changes in 
the morphology roughness were measured by AFM before and after solvent treatment as a 
parameter of cleaning. 
The Root mean square roughness (RMS roughness) values were calculated considering the root 
mean square of graphene surfaces according to the Equation 1.241 Where L is relative length of the 
profile and Z(x) is the function that describes the surface profile analyzed in terms of height (Z) and 
position (x) of the sample over the evaluation L. RMS roughness of a surface is similar to the 
roughness average (Ra), but while the Roughness average take in account the irregularities over the 
mean line, RMS roughness obtains more information distinguish between peaks and valley. 
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Equation 1. 
A reduction of RMS values was obtained for both solvents without significant differences on time 
duration (Figure 60 and Table 1), which suggests a removal of the surface coverage of these 
polymers. In particular, a clear removal of the single spots was observed (Figure 60). In addition, 
nanometer size defects as holes or cuts were also revealed, while macroscopic detachment tended to 





Figure 60. AFM image a) before and b) after cleaning process with THF 2h and c) before and d) after cleaning process 
with EtOH 2h. RMS value were measured avowing the scratches areas. 
Histograms of heights were obtained from the AFM images in order to estimate the nanometer size 
polymer residues in terms of height. The histogram analysis showed a particles size from 2 nm to 10 
nm in height (Figure 61). After cleaning, a reduction of roughness values was obtained for all, 
quantitatively, down to about 1 nm.242 However, the THF cleaning process for 10 min, the height was 
increased possibly due to some detachment areas. Optical damage was also detected (Table 1) when 
THF was used. The graphene detachment produced during the THF treatment could be ascribed to 
mechanical damage of the polymer during its dissolution.243 Ouano et al. reported that the 
dissolution of PMMA in THF produced a fast polymer crazing due to the joint action of high 
diffusion rates and slower swelling.244 Therefore, a catastrophic polymer fracture results when the 
internal pressure accumulates faster than the glassy matrix is able to relax through gradual swelling. 
A similar process may occur in our case during the THF cleaning, in which the polymer fractures 
could compromise the physical integrity of the graphene film. 
RMS: 3.07 nm RMS: 1.18 nm
c) d)





Figure 61. Histograms obtained from the AFM images for SiO2/MGFET before and after treatment with EtOH for a) 10 
min and b) 120’ and with THF c) 10 min and d) 120’. 
Raman spectroscopy exhibited that the structural characteristics of graphene were not significantly 
affected by any of the two solvent treatments. According to Raman scattering information, the CVD 
graphene consists in mainly single layer graphene with some defects or limited domain size, 
distributed in the order of a few microns range (e.g. ID/IG = 0.25, 532nm, Figure 106, 121, 126 and 131). 
The presence of the three possible polymer residues and, then, the removal effectiveness of the 
selected solvents was evaluated by a deep analysis of the graphene SGFET electrical characteristics 
in SiO2/mGFET. 
The electrochemical evaluation of microtransistor array was performed in the GFET cell (Figure 62). 
SiO2/mGFETs were placed in a cell which is composed of four gold arrays of 12 contacts which are in 
touch with the gold electrodes (source and drain). To perform the measurements, 600 µL of the PBS 
10 mM solution was deposited in the cavity of the cell and then the system was connected to the set-
up to record the corresponding signals (Figure 63). After characterization, the probes were removed 
from the cell, cleaned with distilled water and dried. 
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Figure 62. Biosensing platform in the GFET cell. 
The set-up (Figure 63) to perform the measurements is composed by a Printed Circuit Board (PCB) 
connected to a Data Acquisition Card (DAQ Card), which digitalize and transmit to a computer the 
analog signal and allow the measurement of 24 transistors of each probe and the DC source that 
polarize the operational amplifiers from the PCB. A voltage sweeps from 0 to 0.4V is used and, 
immersed in the solution, Ag/AgCl was used as reference electrode. 
 
Figure 63. Image of the GFET cell connected to the PCB. 
For these experiments, the electrical characterization of SiO2/mGFET was acquired from the transfer 
curves. Drain-source current (Ids) was obtained as function of the applied the gate-source voltage 
(Vgs, -0.2, 0.5) for a fixed drain-source voltage (Vds, 0.1 V). From this curve, both Charge Neutrality 






the facility to pass an electric current through a conductor), corresponding to the I-V curve can be 
evaluated. 
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Equation 2. 
It is well-known that the valence and conduction bands of graphene meet in the Dirac Point (UD) and 
the Fermi level shifts with the applied voltage.61 The Vgs where Fermi Level reaches the Dirac Point 
is the CNP. Thus, CNP is related to the doping of the graphene since for a p-doped surface CNP 
shifts to the more positive values of Vgs and the n-doped surfaces shifts to the more negative ones.200 
In addition, in order to study the transistor noise, root-mean-square Voltage noise-dependence 
(Vrms) is calculated. Vrms relates the intrinsic noise current Idsrms (integrated current noise over the 
frequency bandwidth) with its gm.245 This parameter is not relevant for the biosensing that we 
develop, but it is for the cortex frequential measures. 
   
    
   




Thus, the effects of THF and EtOH in SiO2/mGFET were evaluated in terms of CNP, Vrms and gm. It 
is worth noting that the time duration of the treatment was not considered in the following study 
because no significant differences were found for the SiO2/MGFET cleaning. In particular, the I-V 
and the Vrms were studied in order to see the changes in the noise performance. The average 
variation was acquired from the 48 graphene microtransistors of SiO2/mGFET. The Figure 58 shows 
how Vrms decreases for the treatment with EtOH and increase with THF. In fact, we can observe 
how the standard deviation significantly decreased after the EtOH cleaning due to its efficient 
polymer removal, which led to a homogeneous performance of the microtransistors set (Figure 58a). 
The increment of the noise after the THF process might occur because of the low graphene damage 
that the AFM images previously showed in SiO2/MGFET (Figure 58b). 
 










The I-V curves can give us information related to the SiO2/mGFET performance. Particularly, the 
shift in the CNP can be related to the graphene doping.179 For that reason, the amount of polymer 
residue removed could be detected as function of the shift in the current voltage minimum. For both 
solvents, a significant shift to in the Vgs was observed (Figure 65 and Table which implies loose of n-
type doping of graphene. Therefore, these results can be interpreted as removal of removing of 
negatively charged and/or polar polymer residues which allowed n-type conduction. For samples 
where EtOH was used as cleaning agent, the potential of the CNP was shifted from 0.35 to 0.15 
(Figure 65a) while for the corresponding samples where THF was used the CNP was shifted from 
0.20 to 0.10 (Figure 65b). Neverthless, a little decrease in the Ids was observed for this last one, 
possibly, due to small graphene damages. 
 
Figure 65. I-V curves before(blue) and after (green) the cleaning process for a) m-EtOH 1h and b) m-THF 2h. 
Table 2. SiO2/mGFET CNP before and after cleaning process with EtOH and THF. 
 CNP (V) 
Treatment Before After 
EtOH 0.35 0.15 
THF 0.20 0.10 
 
In summary, conventional solvents used in silicon microfabrication are generally inefficient in the 
case of graphene. Alternatively, THF and EtOH have been studied as candidate options. Despite its 
undeniable capability for polymer cleaning/solving, THF is extremely dependent of the type of 
residue and its thickness/amount; therefore, its use may compromise graphene integrity. But EtOH 
has demonstrated to be highly effective for reducing the residues on the surface of graphene after 
microfabrication steps such as photolithography. EtOH efficiency is not dependent on the residues 
thickness/amount and as it is easy adaptable at wafer scale. Therefore, EtOH is a promising 
candidate to be included as a necessary material in the regular cleaning procedures in 










2.4. CVD graphene modification for biosensing implementation. 
Chemical modification of graphene materials is a mandatory step in the production of biosensors for 
the attachment of the recognition elements when needed. For that purpose, chemical modifications 
of CVD graphene will be developed to introduce carboxylic groups (Figure 66). On the one hand, 
when this specie is closely attached to graphene surface, it allows pH sensing since produces charge 
density changes depending on the proton concentration in solution.246 In vivo monitorization of pH 
variations in nerve tissue has a significant interest for diagnosis of neural diseases as epilepsy. This 
is due to the fact generalized epileptic seizure produces local hypoxia, which generates lactic 
acidosis during the seizures.247 These episodes may be result of excessive and abnormal activity in 
the brain cortex and the molecular mechanisms that terminate seizures remain unknown. On the 
other hand, this proposed chemical modification will work as ‚anchor point‚ for the development of 
a different sensing platform. Hence, the introduction in a second step of a NH2-aptamer allows a 
selectively sensing of the corresponding biomolecule. However, diverse restrictions are present. The 
structural integrity of graphene should be maintained to preserve its remarkable electronic 
properties. In addition, due to the layer by layer composition of the final device with polymers, the 
proposed chemical modification strategy should be performed under mild reaction conditions, in 
terms of temperature and compatible solvents. 
  
Figure 66. General scheme of the CVD graphene modification for GFET biosensing platform. 
2.4.1. Chemical modification of CVD graphene with carboxylic groups for biosensing. 
For the introduction of the carboxylic groups, two different strategies were proposed. Both are based 
on the most studied covalent functionalization of CVD graphene, the radical reaction via diazonium 
salt decomposition. The first strategy is based on a one-step modification with the p-(carboxymethyl) 
phenyl radical 18 (Figure 67, blue). The advantage of this modification is the creation of stable and 
short linkers, which can anchor the receptor near the graphene surface, allowing a better sensitivity 
for the EDL. The second modification strategy consists in a two-steps approach: firstly, a covalent 
functionalization with 3,4-bis(octadecyloxy) radical 19 (Figure 67, red). Then the introduced aliphatic 
chains non-covalently interact with the lipidic bidentate molecule 20 carrying the carboxylic group. 
This methodology provides a potential recyclable interface for biomolecule sensing because of the 




solvents. However, the long alkyl chains as linker of the recognized biomolecule could reduce the 
sensitivity of the transistor.  
As mentioned above, different limitations must be considered to decide the optimal reaction 
conditions. Both functionalization strategies are based on covalent modifications, thus defects will be 
introduced in graphene to preserve its electronic properties. Therefore, the functionalization degree 
must be controlled. In addition, the passivation polymer SU-8 presented in the final device is not 
compatible with many common organic solvents, and the layer by layer device does not allow the 
use of high temperatures because of possible detachments. 
 
Figure 67.Scheme of the two different functionalization strategies to introduce the carboxylic “anchor point” groups.  
The reactivity of diazonium salts with graphene has been widely studied. Due to the high reactivity 
of the generated radical species, olygomers are formed over the surface attached molecules for both 
approaches. In principle, this could be a disadvantage since the created oligomer layer on graphene 
could be longer than the Debye length; consequently, the carboxylic groups would be beyond the 
effective solution region. However, a moderate olygomerization would allow the introduction of 
several carboxylic groups per only sp3 carbon atom generated (Figure 68). Thereby would not highly 





Figure 68. Scheme of the SiO2/G-(p-(F) Ph) reaction. 
As both modification strategies are based on diazonium salt reactions, the reactivity of SiO2/G was 
firstly studied with 21. Thereby, the use of 21 allows the detection of F atoms in the chemical 
composition of graphene as diagnostic signal. The modified sample SiO2/G-(p-(F)Ph) was 
characterized by Raman (Figure 69a and b) and XPS analysis (Figure 69c and d). Raman analysis 
showed an increase in the number of defects (Δ(ID/IG) = 0.14). The average spectra were obtained 
from the representative region Raman mapping (30 x 20 µm2 ≈ 1500 points spectra) before and after 
modification. Besides, the atomic composition of SiO2/G-(p-(F)Ph) by XPS analysis showed fluorine 
atoms that were not present in the pristine material. These experimental evidences confirmed the 
successful functionalization of SiO2/G. 
 
Figure 69. a) Raman mapping of the D band intensity in 30x20 µm2 area and b) averaged Raman spectra (≈1500 single-
point spectra, λexc = 532nm) before and after reaction. F1s core level in XPS analysis of the reaction regarding the 
presence of F c) before and d) after reaction. 
After confirming the functionalization on a basic substrate, we applied the reaction conditions for 
our strategies. Thus, SiO2/MGFET (Figure 56) was chemically modified. This device was useful to 
fully characterized the chemical modification due to the large dimensions of the graphene surface, 
which is mandatory for the key characterization technique XPS. On the other hand, SiO2/MGFET can 
be connected to the set-up to perform a preliminary evaluation of the electronic properties of 
graphene. As mentioned before, the modification was performed through the decomposition of the 



















































































corresponding diazonium salts 24 and 23 (strategies 1 and 2, respectively). The easy solubility of 2-
(4-aminophenyl)acetic acid allowed the synthesis of the stabilized aryldiazonium ion248 for the ex-situ 
generation of the radical in aqueous conditions. However, due to the low solubility of the aniline 22, 
the synthesis of the corresponding stabilized aryldiazonium salt was challenging. Thereby, the 
generation of the radical was performed in-situ from the aniline. 
 
Figure 70. General scheme for the p-(CH2CO2H)Ph (blue) and 3,4-(C18H37O)2Ph (red) covalent modification. 
The synthesis of 22 was performed through the following synthetic steps. The thermal 
decomposition initiated by isoamyl nitrite of the corresponding aryldiazonium species generated in 
situ from anilines has been proved as useful tool to functionalize carbon-based nanomaterials.249 
Thus, the aniline 22 was synthetized by the di-alkylation of nitrocathecol (25) to obtain the 
bis(octadecyloxy) compound 27, followed by the reduction of the nitro group to obtain 3,4-
bis(octadecyloxy)aniline (22). 
 
Figure 71. General scheme for the reaction between 25 and 26 for different conditions. 
For the dialkylation of 27 different reaction conditions were performed. On a first try, the alkylation 
of 25 was performed withlow concentrations of 25 in DMF . The employment of solution 0.13 M 
using an excess of 1-bromooctadecane and K2CO3 to increase the oxygen nucleophilic character. 
However, after the purification by flash chromatography, the isolated compound results in the 
monosubstituted alkoxy adduct 28. For that reason, it was necessary increase the concentration to 
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0.25 M and the temperature from 90 to 150 °C.250 By using these new conditions, 27 was obtained 
with high yield (87%). 
Table 3. Condition for the synthesis optimization of X. 
Entry 25 Concentration (M) Temperature (°C) Obtained product Yield (%) 
1 0.13 90 28 79 
2 0.25 150 27, 28 87 
 
The obtained product it was reduced under H2 atmosphere using Pd/C as catalyst.251 The synthesis 
of 22 is fully described in the section dedicated to experimental details as well as the Nuclear 
Magnetic Resonant (NMR) spectra and High-Resolution Mass Spectroscopy (HR-MS) of the 
synthetized molecules. 
 
Figure 72. Synthesis of the 3,4-bis(octadecyloxy)aniline (22). 
With the aniline 22 and the diazonium salt 24 in hands, the modification strategies were performed 
in the SiO2/MGFET. The functionalization with 24 was performed in water at room temperature for 
strategy 1. However, when water was use in the strategy 2, functionalization it was not obtained for 
SiO2/MGFET because of solubility problems. In order to improve the solubility of this compound, 
different solvents were used for the functionalization of CVD graphene with 22 being 
dimethylformamide (DMF) the best option. In addition, the increment of temperature to 60 °C was 
needed. . For the characterization of graphene, Raman spectroscopy, AFM were employed. Raman 
spectroscopic measurements (Figure 73) showed for both approaches, SiO2/MGFET-(p-
(CH2CO2H)Ph) and SiO2/MGFET-(3,4-(C18H37O)2Ph) an increase of the D band intensity respect to the 






Figure 73. Average Raman spectra before (black) and after (red) covalent functionalization for a) SiO2/MGFET-(p-
(CH2CO2H)Ph) and b) SiO2/MGFET-(3,4-(C18H37O)2Ph). 
To evaluate the impact of the functionalization and particularly the presence of possible olygomers 
in graphene, the surface topographies were inspected by AFM. Figure 74 shows the AFM images of 
SiO2/MGFET before and after the covalent modification approaches. Figure 74a and g exhibited the 
characteristic graphene wrinkles derived from different factors during the transfer procedure, such 
as solvent trapping, edge instabilities, interatomic interactions etc.252 After functionalization by 
strategies 1 and 2 (Figure 74 g and c, respectively), they showed topographic changes. AFM height 
profiles measured showed a variation between 1.0-3.0 nm in the case of SiO2/MGFET-(3,4-
(C18H37O)2Ph) and from 1.5-8.0 nm for SiO2/MGFET-(p-(CH2CO2H)Ph) approximately. Presumably, 
the reaction with 24 allowed a higher polymerization due to a lower steric hindrance and the easier 
accessibility of the corresponding radical to the meta position and to the α-CH2 of the carboxyl 
group. Despite the structure of the generated oligomers on the graphene surface was not obtained 
(Different attempts of characterization of SiO2/MGFET, SiO2/G and Cu/G by MALDI failed), the 
positive electrospray ionization mass spectroscopy (ES+) of the obtained residue in the reaction 
mixture showed a repetitive difference pattern of 136 m/z from 100 to 2000 m/z, which could 
correspond to 2-phenylacetic acid (Figure 148). This experimental evidence suggested the formation 
of olygomers during the modification process (Figure 78, b). 
























































































Figure 74. AFM images for SiO2/MGFET-(3,4-(C18H37O)2Ph) a) before and c) after reaction and for SiO2/MGFET-(p-
(CH2CO2H)Ph) e) before and g) after reaction. AFM height profiles (blue and green lines in a, c and e, g respectively) for 










Covalent functionalization alters the electronic properties of graphene because of the introduction of 
defects associated with sp3 hybridization that disrupts its aromatic structure. Thus, before 
proceeding with the sensing performance, the evaluation of the electronic properties of graphene 
after modification was studied. For that reason, information about CNP and transconductance was 
evaluated from the I-V curve (Figure 75). As mentioned, Ids is obtained as function of the applied 
Vgs for a fixed Vds. As shown figure 75a, the I-V curve of SiO2/MGFET-(p-(CH2CO2H)Ph) presented a 
low decrease in the minimum Ids after the modification, i.e. less intensity between source and drain. 
However, it was not detected a value shift the CNP (i.e. the function minimum) , so the Dirac point 
was not affected. As gm is obtained from derivating Ids to Vgs (Equation 2), the evaluation of the slope 
in the left of the curve gives us information about it. For strategy 1, the slopes were similar before 
and after mofidification so, the gm is not affected. For SiO2/MGFET-(3,4-(C18H37O)2Ph), although there 
was not a significant change in the minimum Ids, the CNP  showed a higher shift from 0.5 to 0.2 after 
covalent modification (Figure 75b); in addition, the gm significantly decreased since differences in the 
slopes are observed. Although, the strategy 2 further affected the device performance compared to 
the strategy 1, the two modification strategies yielded graphene properties that are acceptable for a 
proper function of the final device. Therefore, the two modification approaches were suitable to be 
implemented in the next architecture of the biosensing devices. 
 
Figure 75. I-V curves for a) SiO2/MGFET-(p-(CH2CO2H)Ph) and b) SiO2/MGFET-(3,4-(C18H37O)2Ph) before (red) and after 
reaction (blue). 
The covalent modification approaches were subsequently performed in the microtransistors array. 
The optimal reaction conditions developed for SiO2/MGFET were applied for the modification of 
graphene in SiO2/mGFET. To monitor the modification of the graphene devices, Raman 
spectroscopy and AFM were employed. It is noteworthy that the graphene surface of SiO2/mGFET 
was not able to be analyzed by XPS because of the low dimension of the graphene component 
(Figure 57). As shown in figure 76, the SiO2/mGFETs modified though strategies 1 and 2 exhibited a 
slight increment of the ID/IG ratio (Δ(ID/IG) = 0.07 for both reactions, spectroscopic data obtained from 









Figure 76. ) Raman mapping of the D band intensity in 30x20 µm2 area for a) SiO2/mGFET-(3,4-(C18H37O)2Ph) and c) 
SiO2/mGFET-(p-(CH2CO2H)Ph) before and after reaction. Averaged Raman spectra (≈1000 single-point spectra, λexc = 
532nm) for a) SiO2/mGFET-(3,4-(C18H37O)2Ph) and c) SiO2/mGFET-(p-(CH2CO2H)Ph) before and after covalent 
modification. 
The impact of the functionalization and the presence of possible olygomers in the graphene surface 
was study by AFM. Figure 77 shows the AFM images of SiO2/mGFET before and after the covalent 
modification by strategy 1. After functionalization (Figure 77 d y e), graphene surface showed 
topographic changes as small granules. AFM height profiles measured showed a variation from 3.0-
10 nm approximately. As mentioned, the reaction with 24 allowed high polymerization due to a 
lower steric hindrance and the easier accessibility of the corresponding radical to the meta position 
and to the α-CH2 of the carboxyl group. This olygomerization increment height compromises the 
correct sensing behavior of the platform because the oligomer height cannot be higher than the 
Debye length. 
ID/IG0.00 0.02

























































































































Figure 55. AFM images for SiO2/mGFET-(p-(CH2CO2H)Ph) a, b) before and d, e) after chemical functionalization at 
different magnifications. AFM height profiles c) before and f) after chemical modification (blue lines in b and e images 
respectively). 
Unexpectedly, the Raman spectra of graphene for SiO2/mGFET-(p-(CH2CO2H)Ph) exhibited extra 
bands at 1402 and 1446 cm-1 (Figure 78a). These bands can be assigned to the vibration modes of the 
oligomers which remain (covalently or non-covalently) attached to the graphene surface (Figure 
78b).97 Particularly, the most probable assignment of ∼1400 cm−1 bands is related to the scissor-
vibration (bending mode) of the CH2 group in phenylacetic derivatives.253 These species were a 
double-edged sword: on the one hand, several carboxylic groups are introduced for each hybridized 
































for an acceptable number of introduced anchor points. However, the dimension of formed oligomers 
would compromise the sensing performance exceeding the Debye length when the receptor is 
anchored (i.e. the dispersion of the ions are far from the influencer region, so the recognized analyte 
will not have influence in the measures). 
 
Figure 78. a) Average Raman spectra before (black) and after (red) for SiO2/mGFET-(p-(CH2CO2H)Ph) c with extra 
bands and b) proposed structure of the oligomer formed  
Presumably, the Raman spectroscopic detection of this kind of oligomers is related to its higher 
concentration on graphene due to the variations in the graphene reactivity. CVD graphene reactivity 
is influenced by mechanical strain and the charge doping, thus it strongly depends on the support 
substrates and possible absorbates in the interlayer.100 In this context, the employment of a SiO2 with 
different nature in SiO2/mGFET respect to SiO2/MGFET was necessary for an optimal device 
performance. Thereby, the new SiO2 substrate could introduce changes in the graphene structure 
(such as different adsorbates) decreasing the graphene reactivity. Consequently, it would make more 
affordable the formation of oligomers on graphene, instead of the reaction between radical and 
graphene. Hence, reaction parameters, such as temperature, concentration and addition rate of 
radical precursor, were modified to avoid the highly generated oligomers. After evaluating the 
diverse reaction parameters, a slow addition of 24 resulted in a non-detection of oligomers by 
Raman spectroscopy. As expected, the controlled addition of 24 avoids a high concentration of the 
generated radical, hindering the reaction with itself. This experimental evidence suggested a similar 
functionalization to the previously obtained with SiO2/mGFET. 
































Figure 79. a) Image of the slow addition set-up b) Average Raman spectra for SiO2/mGFET-(p-(CH2CO2H)Ph) before 
(black) and after (red) covalent functionalization using the slow addition instrument. 
Once the strategy 1 was optimized, the electronic behavior of SiO2/mGFETs modified by the two 
proposed modification approaches was evaluated. Particularly, I-V and Vrms characterization were 
performed (Figure 80). The average data was acquired from the 48 graphene microtransistors of 
SiO2/mGFET-(p-(CH2CO2H)Ph) and SiO2/mGFET-(3,4-(C18H37O)2Ph). 
As with the electronic characterization of SiO2/MGFET-(p-(CH2CO2H)Ph) (Figure 75), the impact of 
the functionalization for SiO2/mGFET-(p-(CH2CO2H)Ph) was not significant (Figure 80a), because 
there was only a low decrease in the Ids and a low shift of 0.05 V for the CNP after modification. 
Besides, there was an increase of gm. This increment suggested a possible residues removal during 
the functionalization process as was suggested in the previous section. In addition, Vrms were in the 
same value range. Nevertheless, this functionalization is suitable for the electronical device 
performance.  
Concerning SiO2/mGFET-(3,4-(C18H37O)2Ph), the strategy 2 disrupted the electronical properties of 
graphene (Figure 80b). The CNP shifted notably (≈ 0.2 V) and the Ids showed a significant decrease. 
In addition, Vrms clearly was increased. Presumably, these deep changes occurred because of the 
mandatory use of DMF, to partially solubilize 22. DMF was not compatible with cured SU-8 polymer 
use to passive the gold contacts even in short periods of reaction time. This approach had proven not 
to be valid for the manufacture of the envisioned biosensing platform device. 




























































Figure 80. I-V curves for a) SiO2/mGFET-(p-(CH2CO2H)Ph) and b) SiO2/mGFET-(3,4-(C18H37O)2Ph) and Vrms curves for 
a) SiO2/mGFET-(p-(CH2CO2H)Ph) and b) SiO2/mGFET-(3,4-(C18H37O)2Ph) before (green) and after functionalization 
(Blue). 
2.4.2. Modified CVD graphene in FET aptasensors for thrombin detection. 
Generally, pH response of the graphene is attributed to residual surface functionalities. 254 Defect-
free graphene might be no sensitive to pH changes, since the graphene pH sensitivity is given by the 
terminal polar or charged groups on the graphene surface. These groups increase the surface charge 
of graphene making it responsive towards pH variations. Thus, the pH sensing capability in a 
solution-gated transistor will be reflected in the CNP changes. 
In order to evaluate the pH sensitivity of our samples, two SiO2/mGFETs were electronically 
characterized before and after the chemical modification (SiO2/mGFET-(p-(CH2CO2H)Ph)). For this 
purpose, the corresponding transistors were incubated in a set of PBS solutions with decreasing pH 
values from ≈ 9.5 to 2.5. As a result, all the samples showed pH response reflected in the CNP 















Figure 81. Influence of the pH in SiO2/mGFET-(p-(CH2CO2H)Ph) sensing platform. 
Nevertheless, there were sensitivity differences that directly depended on the number of defects 
(Table 4). Probably, the pH sensing capability of non-modified samples (before functionalization, 
Entry 1 and 3) can be attributed to the defects created during the synthesis and/or the residues 
derived from the transfer process. And the improved sensitivity of the modified samples (Entry 2 
and 4) can be assigned to introduce phenylacetic moieties. Indeed, the pH sensitivity linearly 
depended on the number of defects in terms of the spectroscopic parameter D/IG). Thus, for Entry 2 
and 4 m-p-(CH2CO2H)Ph samples, the increment of defects (10 and 29 % of ID/IG increased, 
respectively) resulted in a similar increment of sensitivity (9 and 22 % of slope increased, 
respectively). Besides, independently of the chemical modification, the higher was the number of 
defects, the higher is the sensitivity. Therefore, the functionalization of graphene with phenylacetic 
moieties can be considered as an effective and controllable chemical procedure to improve the pH 
sensing capacity to SiO2/mGFET. 
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2 0,0154 0,20 






4 0,0213 0,17 
 
After testing our functionalized sensing platform as pH sensor, SiO2/mGFET-(p-(CH2CO2H)Ph) was 
used as sensing platform for diagnosis of neuronal diseases through the binding of specific 




surfaces were linked with a selective aptamer for thrombin, which is a proteolytic protein involves 
in the blood coagulation process. This aptamer was prepared by Dr Ana Aviñó in the Department of 
Chemical and Biomolecular Nanotechnology (IQAC-CSIC) in Barcelona. 
The preparation of this aptasensor platform involved different manufacturing steps. The covalent 
attachment of the NH2-Aptamer was performed through the activation of the SiO2/mGFET-(p-
(CH2CO2H)Ph) carboxylic group with N-hydroxysuccinimide (NHS) and 1-Ethyl-3-(3-
dmethylaminopropyl)-carbodiimide (EDC), followed by the incubation with the selective thrombin 
aptamer for 12 hours. Afterwards, the free carboxylic binding sites of the graphene were blocked 
with an ethanolamine solution. After each incubation step, the SiO2/mGFET-(p-(CH2CO2H)Ph), 
located in the chamber (Figure 62), was thoroughly washed to remove the excess of the respective 
compounds. i) It is worth mentioning that there are two main reasons to choose of aptamer instead 
of antibody. One of them is related with the above-mentioned Debye length. The object attached to 
the surface must be no longer than the Debye length, because the recognition event must be in the 
influencer region. The antibody size is generally around 15 nm while the aptamer one is around 3 
nm. For an optimal interactions and measurements, PBS solution (1 mM) was used as media for our 
system. For this PBS concentration the Debye length is 7 nm. So, we can conclude that the use of the 
thrombin aptamer was suitable for our approach. ii) The second reason is related to the regeneration 
of the aptamer from after analysis. This approach will be explained in detail bellow. The higher 





Figure 82. General scheme of the bioconjugated thrombin-aptamer system in a) SiO2/mGFET-(p-(CH2CO2H)Ph) c) 
SiO2/mGFET-(9-(CO2H)Acr) and e) SiO2/mGFET-(4-(CH2CH2CO2H)py) and affinity curve of the biosensing system for 
b) SiO2/mGFET-(p-(CH2CO2H)Ph), d) SiO2/mGFET-(9-(CO2H)Acr) and f) SiO2/mGFET-(4-(CH2CH2CO2H)py). 
Working in parallel in this project, our collaborators of the Centro Nacional de Microelectronica in 
Barcelona developed others two modification approaches of graphene to introduce carboxyl groups 
as ‚anchor points‛ based on non-covalent strategies: substituted pyrene (SiO2/mGFET-(4-
CNP vs Thrombin Pyrene-COOH
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(CH2CH2CO2H)py)) and acridine (SiO2/mGFET-(9-(CO2H)Acr). As shown in table 5, the sensitivity of 
the method was higher when the covalent functionalization was employed; however, the covalent 
modification showed a limitation with a lower linear range. Possibly, the creation of the oligomers 
with a lower height than Debye length in the radical addition introduces higher amount of 
carboxylic groups in the effective area for each hybridized sp3 C atom of graphene (i.e. higher 
amount of aptamers) whereas with the π-π approaches the amount of aptamers is lower because of 
the the early saturation of the surface does not allow the introduction of too many carboxylic groups. 
For that reason, the sensibility of the covalent approach is higher (15.7 mV/[M]). However, this high 
number of aptamers result in a masking for the next thrombin attached, resulting in a earlier 
saturation of the sensing platform. 









15.7 20 10 0.4 - 3 
SiO2/mGFET-(4-
(CH2CH2CO2H)py) 
1.1 25 10 0.2 - 200 
SiO2/mGFET-(9-
(CO2H)Acr) 
6.3 27 18 0.2 - 20 
 
The high hydrophobic surface area of graphene facilitates a great density of captured 
biomolecules.255 For that reason, we decided to study the influence of the aptamer approach against 
the unspecific adsorption of the thrombin protein. For that purpose, the non-covalent approach was 
employed due to its high linear range. Thus, two different control experiments were performed. (1) 
The incubation of the sensor with BSA protein (grey color, Figure 83) after the thrombin aptamer 
attachment. (2) The incubation of the graphene surface with thrombin in the absence of the aptamer 
(black color, Figure 83). In the Figure 83; the sensing evaluation of SiO2/mGFET-(4-
(CH2CH2CO2H)py) sensor and the two control samples were plotted. In both control experiments, 
the CNP value changes of graphene were minimum compared to the functionalized m/G. 
On the one hand, the control experiment 1 showed the high selectivity of the thrombin aptamer. On 
the other hand, control experiment 2 demonstrated that nonspecific thrombin adsorption was not 
occurring or was not interfering with the measurable signal. Therefore, the bioconjugation step with 





Figure 83. Unspecific adsorption for the sensing platform functionalized with pyrene. 
For the development of this kind of aptasensor there are two possible strategies for the incubation of 
the corresponding biomolecules.256 For this study, the overlay method was chosen because it is not 
required the protein-aptamer unbinding between each incubation step. Hence, the corresponding 
protein (thrombin or BSA) solution with x concentration was incubated on the sensing platform and 
the analyte is selectively recognized for the aptamer. After the corresponding measurements, a 10x 
concentration solution was incubated without removing the protein attached in the previous 
incubation step. However, this approach would not be interesting for a commercial device due to 
non-recyclable ability of sensing platform. For that reason, approaches that allowed the unbinding of 
the protein with the aptamer were tackled. For this purpose, the denaturalization of the aptamer is 
necessary to remove the conjugated thrombin followed by the aptamer folding. Based on previous 
results,257 we tested two different regeneration processes. One of them involves the use of 
moderately high temperature, immersing one chip in water at 80 °C for 5 minutes.258 The second one 
involves basic pH, by immersing the device in a 10 mM NaOH solution for 20 minutes.259 For both 
regeneration processes, the samples were incubated with PBS in order to recover the aptamer 
structure. However, the sensing capacity that they showed before the aptamer denaturalization was 
not recovered. Therefore, for the good future of this project will be necessary the improvement of the 
suitability regeneration processes. 
In summary, a graphene biosensing platform was functionalized with carboxylic groups in order to 
link a specific bioreceptor. To this end, the optimization through different device architectures was 
required. The sensing properties were implemented in a GFET by two different approaches: on the 
one hand, the improvement of pH sensing capacities was achieved by the chemical incorporation of 
carboxylic groups on the graphene surface. On the other hand, a selective protein sensing by binding 
specific aptamers on graphene was achieved. In addition, we demonstrated that the covalent 
modification is promising for the proposed sensing implementation. Indeed, the covalently 
functionalized graphene device showed sensing capability with higher sensitivity than other 
chemical approaches. Thus, these results pave the way to novel biosensors, as for example sensing 
implants for g cortex in vivo sensing to monitor neurotransmitters concentrations, which are related 
to different neural diseases. 
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2.5. Mass spectrometry of Carbohydrate-Protein Interactions on a Glycan Array Conjugated to 
CVD graphene Surfaces. 
Mass spectrometry (MS) is a valuable tool for functional genomic, and glycomic studies. In 
particular, the combination of MS with microarrays is a powerful technique for analyzing the 
activity of carbohydrate processing enzymes and for the identification of carbohydrate-binding 
proteins (lectins) in complex matrices. On the other hand, graphene exhibits high 
desorption/ionization efficiency and good conductivity, specifications of a high-performance 
component for MALDI platforms.205-207,213-215 
Besides, the chemical functionalization of graphene increases the adsorption capability of functional 
biomolecules (e.g. receptors), resulting in very stable interfaces. Graphene can be covalently or non-
covalently modified by a range of functional groups. The activation of graphene with reactive 
groups has the advantage of providing oriented analyte immobilization and concomitant 
passivation of the surface to avoid unspecific adsorption of contaminants that could interfere in the 
analysis.260 As mentioned in the introduction, there are few examples referring to graphene 
derivative-coated surfaces for SALDI MS, all based on GO derivatives.213-215 The GO doped in the 
target act as laser absorber and ionization promoter, thus permitting the direct analysis of samples 
without addition of an organic matrix. However, current substrate is far from ideal in terms of 
stability, reproducibility and effective functionalization; thus, improved performance with new 
materials is required. 
 
Figure 84. General scheme of the functionalization of CVD graphene substrates of the Lectin-Glycan array platform. 
For that purpose, CVD graphene is a promising but largely unexplored candidate in this area. The 




detection, than GO. In addition, it presents high transparency to detect interactions via fluorescence 
readout. Taking advantage of the properties of CVD graphene, we developed several modified CVD 
graphene-based glycan arrays on different transparent substrates (Figura 84), including: (1) 
conductive ITO-coated glass (ITO/G) and (2) non-conductive bare soda lime glass slides (Glass/G), as 
potential sensing platform for carbohydrate-lectin interaction. The detection of these interactions is 
of great interest because they are involved in a plethora of biological processes.261 The glycan arrays 
were fully characterized by MALDI-MS analysis and, in some cases, optical microscopy. This 
research has been developed in collaboration with the Glycotechnology Lab headed by Dr. Niels 
Reichardt in CICbiomaGUNE in Donostia. 
2.5.1. Functionalization of CVD graphene 
In order to develop the envisioned array, the strategy 2 described in previous sections was used (see 
2.2.1.). Thus, the functionalization of graphene microarray was based on the formation of a 
hydrophobic bilayer via the combination of covalent and non-covalent modification of graphene 
(Figure 84). Initially, the graphene surface was covalently functionalized with stearyl alkoxide-
substituted aniline derivative 22 via a diazonium salt reaction generated in situ and further modified 
by hydrophobic interactions with the N-hydroxysuccinimide (NHS) activated bidentate 1,2-sn-
dipalmitoyl glycerol 20. Onto this NHS activated hydrophobic bilayer, amine-containing ligands can 
be robotically printed and immobilized as highly stable carbamates. In addition, the terminal 
reactivity of the bidentate linker might be easily changed to azide, alkyne262 or amine groups to 
accommodate other ligand types. Hereupon, pmol amounts of 5-amino-penty modified 
carbohydrates were spatially arrayed on the different surfaces, generating micrometer sized spots of 
the immobilized carbohydrates. The non-covalent approach through the aliphatic chains allows a 
good desorption/ionization reversibility which is required for an effective mass detection of the 
immobilized analytes. 
The CVD graphene used in the development of this project was provided by the company 
Graphenea S.L.. For that reason, it was necessary the study of the reactivity for this CVD graphene. 
As a proof of concept, we firstly studied the covalent modification of CVD graphene on SiO2 
(SiO2/G-(3,4-(C18H37O)2Ph)) as common and commercially available support substrate (Figure 85). It 
is an ideal substrate for this study because, as mentioned in the introduction, can increase the 
reactivity of CVD graphene. In particular, the diazonium salt 23 was generated in situ from the 
mentioned aniline 22 (Figure 85). As in the previous section, the reaction was performed in DMF at 
60 °C due to the low solubility of the compound. In order to characterize the modified graphene 




Figure 85. General scheme of the S/G-(3,4-(C18H37O)2Ph) functionalization of graphene surfaces. 
SiO2/G-(3,4-(C18H37O)2Ph) was characterized by Raman spectroscopy. The main distinction was 
observed on the D band (≈1350 cm-1) intensity that denotes a slightly increment. This increment 
might be explained by the formation of sp3 carbon defects in the graphene structure (Figure 86). 
Raman analysis has shown a slight increase in the number of defects (Δ(ID/IG) = 0.05). The average 
spectra were obtained from the representative region Raman mapping (30 x 20 µm2 ≈ 1500 points 
spectra) before and after modification. 
 
Figure 86. a) Raman mapping of the D band intensity (30 x 20 µm2), and b) average Raman spectra for SiO2/G-(3,4-
(C18H37O)2Ph) before (black) and after (red) covalent functionalization. 
In addition to the Raman analysis, AFM study showed significant topographical changes in the 
graphene surface (Figure 87). Thanks to the flat character of SiO2 was easily observed the graphene 
changes by this technique. Before the modification, graphene surface showed the typical wrinkles 
because of solvent trapping, edge instabilities, interatomic interactions etc. After the 
functionalization, the obtained image showed an increase in the roughness. High nucleation spots 
are clearly observed in the figure 87b. Probably, it was produced by the well-known oligomers 
derived from the generated phenyl radicals.95 Therefore, the proposed covalent modification of 
graphene allows a high introduction of the desire molecule without the disruption of the intrinsic 
properties of CVD graphene due to the formation of oligomers. It is worthy to mention that due to 
the high degree of radical generation and oligomers in the solution media, it was necessary the use 





Figure 87. AFM images of SiO2/G a) before and b) after reaction. 
After confirming the covalent modification of CVD graphene on a generic substrate, the preparation 
of the different graphene-based microarray platforms was addressed. Consequently, ITO/G and 
Glass/G were covalently functionalized using the reaction conditions described above for SiO2/G-
(3,4-(C18H37O)2Ph (Figure 85). Then the modified samples were fully characterized by Raman 
spectroscopy, XPS analysis, water contact angle measurements and AFM. Firstly, the ITO/G samples 
were modified under the reaction conditions described above for SiO2/G-(3,4-(C18H37O)2Ph. 
However, the samples was not successfully modified according to the increment of defects after 
reaction (Δ(ID/IG)) in the averaged Raman spectra from ≈1000 single-point spectra in a 30 x 20 µm2 
area (Figure 88). 
 
Figure 56. a) Raman mapping of the D band intensity in 30x20 µm2 area and b) averaged Raman spectra (≈1000 single-
point spectra, λexc = 532nm) ITO/G-(3,4-(C18H37O)2Ph) before and after covalent modification (2 mM). 
For this reason, we decided to increase the concentration of 22 from 2 to 8 mM. Then, similar Raman 
mapping studies of ITO/G-(3,4-(C18H37O)2Ph) after modification showed an increment of D and D’ 
band at 1350 and 1615 cm-1(Δ(ID/IG) = 0.06, Figure 89a and b).Once again, the increment of the defects 
according to the Raman is not high compared to similar diazonium salt reactions, presumably, 
because of the steric hindrance that attached oligomers produced. Then the obtained reaction 
conditions were transfer to the Glass/G modification. But the Raman spectroscopic analysis showed 
a lower functionalization degree in terms of the increament of the number of defects (Δ(ID/IG) = 0.01, 
Figure 89c and d). Nevertheless, the Raman mapping showed hot functionalized spots, presumably, 
caused by the high glass roughness of the bare glass surface, which generate these high reactivity 
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regions.107 For that reason, it was decided continue with this surface for this experiment even though 
the low functionalization degree in the Raman average. 
 
Figure 89. a, c) Raman mapping of the D band intensity in 30x20 µm2 area and b, d) averaged Raman spectra (≈1000 
single-point spectra, λexc = 532nm) before and after on a, b) ITO/G-(3,4-(C18H37O)2Ph) and c, d) Glass/G-(3,4-
(C18H37O)2Ph) (8mM). 
In addition, the XPS analysis of the graphene surface was performed to provide evidence of the 
graphene functionalization studying the chemical composition of the sample before and after 
covalent reaction. The XPS analysis showed an increase of atomic carbon concentration after 
functionalization (Figure 160 and 168). Focusing on the atomic carbon composition, pristine 
graphene substrates showed a C1s core level composed of graphenic C=C asymmetric component 
(284.37 eV) and oxygenated carbon groups such as C-O and C=O components (≈ 286 and ≈ 288 eV, 
respectively; table 6).However, after covalent functionalization, C=C/C-C component significantly 
increased (9.2 and 20.5% for ITO/G-(3,4-(C18H37O)2Ph) and Glass/G-(3,4-(C18H37O)2Ph), respectively), 




















C=C/C-C 284.37 82.0 284.37 91.8 
C-O 286.49 7.8 285.28 4.4 
C=O 288.57 8.3 286.70 1.6 
O-C=O 289.99 2.0 288.42 1.5 
pi-pi* - - 290.78 0.8 
Glass/G-(3,4-
(C18H37O)2Ph) 
C=C/C-C 284.37 64.0 284.37 84.5 
C-O 285.27 12.5 285.28 7.2 
C=O 286.54 10.3 286.70 5.6 
O-C=O 288.61 8.1 288.42 1.6 
pi-pi* 290.67 5.2 290.78 1.1 
 
In addition, the surface morphology was study by AFM after functionalization and a thorough 
washing process. The AFM images of functionalized ITO/G (Figure 90a and c) suggested the 
existence of an amorphous layer on the surface composed by a significant fraction of aryl oligomers. 
Comparing with the flat character of the SiO2, ITO presents the characteristically superimposed 
sheets;263 for that reason, it is not possible observe the graphene wrinkles. Before the 
functionalization, the AFM images suggested a quite flat ITO sheets (≈ 3.3 nm). After the covalent 
modification the molecules introduced led to an increase of in the height morphology (≈ 5.5 nm) and 
visible vesicles of 30 nm are observed due to the oligomer creation (Figure 90c). However, the 
morphology studied by AFM for functionalized graphene on bare glass were not conclusive due to 




Figure 90. AFM images of a) CVD graphene on ITO-coated glass, c) ITO/G-(3,4-(C18H37O)2Ph) and e) Glass/G. AFM 
height profiles (blue line) of ITO/G-(3,4-(C18H37O)2Ph) b) before and d) after reaction and f) height profile of CVD 
graphene on Glass/G. 
In order to determine the influence of the functionalization on the surface hydrophobicity, the water 
contact angle was measured for the different samples. Thereby, the water contact angle on 




























































73.1), probably, due to the introduction of alkane chains. Nevertheless, the water Glass/G contact 
angle measurements showed a decrease after the covalent modification (Figure 91e and f), result that 
was not in accordance with an increase in the hydrophobicity. Overall, characterizing CVD 
graphene on bare glass was quite challenging, due to the poorer surface characteristics of bare glass 
as compared to ITO coating. 
 
Figure 91. Contact angles of a) ITO-coated glass treated with piranha solution, b) ITO/G, c) ITO/G-(3,4-(C18H37O)2Ph), d) 
bare glass treated with piranha solution, e) Glass/G, f) Glass/G-(3,4-(C18H37O)2Ph), g) quartz treated with piranha 
solution, h) Quartz/G and i) Quartz/G-(3,4-(C18H37O)2Ph). 
As an alternative for a non-conductive substrate with higher quality than the used bare glass, CVD 
graphene was deposited on quartz (Quartz/G) surface and the radical reaction was performed on it. 
The characterization by Raman (Figure 92) showed a higher increase in the ratio ID/IG compared with 
the previous experiment (Δ(ID/IG) = 0.07) after the covalent modification on DMF.    
 
Figure 92. a) Raman mapping of the D band intensity (30 x 20 µm2), and b) average Raman of Quartz/G-(3,4-
(C18H37O)2Ph) spectra before (black) and after (red). 
For this highly flat surface, AFM study showed the expected wrinkles for graphene before 








































with the radical specie (Figure 93a and c). As well as an increase in the surface height was observed 
(Figure Xb and d). The water contact angle analysis for Quartz/G-(3,4-(C18H37O)2Ph) was increased 
(from 74.6 to 84.7, Figure 92h and i) according with the expected result for this high-quality surface 
material. However, during the water contact angle analysis in water graphene detachment was 
observed because of the poor adsorption of graphene on Quartz. The use of aqueous solution in the 
array fabrication and for the final application is mandatory; therefore, the employment of Quartz/G 
was completely discarded.  
 
Figure 93. AFM images of Quartz/G a) before and c) after functionalization. AFM height profiles (green line) of 
Quartz/G b) before and d) after functionalization. 
2.5.2. Interface generation on CVD graphene for detection of carbohydrates-lectin interactions 
After the covalent modification of CVD graphene, the immobilization of N-hydroxysuccinimide 
(NHS) activated bidentade 1,2-sn-dipalmitoyl glycerol linker (20) was carried out onto ITO/G, 
glass/G and quartz/G modified substrates. To evaluate the adsorption of the lipidic bidentate linker 
MALDI-TOF MS after matrix deposition was carried out and the immobilization could be clearly 




































Figure 94. a) MALDI-TOF spectra of bidentate linker on ITO/G-(3,4-(C18H37O)2Ph) (top) and on Glass/G-(3,4-
(C18H37O)2Ph) (bottom); m/z 732.50 [Linker+Na]+ b) General scheme of the sugar microarray. 
The activation of the surface with reactive NHS groups permited the immobilization of amine 
containing biomolecules. Then, as a proof of concept, solutions of four different 5-aminopentyl 
modified carbohydrates (Figure 94b): N-acetyl-D-glucosamine (GlcNac), N-acetyl-D-lactosamine 
(LacNac), lactose (Lac) and Lewisx trisaccharide (Lex) were robotically dispensed on both NHS 
activated substrates (Figure 95). Each spot contains pmol amounts of each carbohydrate forming 
subarrays of four different carbohydrates, and each of them printed is in five replicates. Thus, 
carbohydrate structures are spatially organized and immobilized creating a sugar microarray. The 
hydrophobic bilayers showed high stability for ITO/G-(3,4-(C18H37O)2Ph) and Glass/G-(3,4-
(C18H37O)2Ph) surfaces during aqueous washings and excess of buffers or reagents in the printing 
solutions could be removed by a simple washing procedure. Non-reacted NHS groups were 
quenched by the immersion of the substrates in ethanolamine solution. However, as it was advanced 
in previous paragraphs, the superficial tension of aqueous solution resulted in detachment for the 
graphene of a very flat surface like the functionalized Quartz/G-(3,4-(C18H37O)2Ph) (Figure 96c). 







Figure 95. a) Robotic piezoelectric spotter, optical image of the sugar printed on a) glass and b) quartz after the aqueous 
washing. 
The successful immobilization of the carbohydrates was monitored by MALDI-TOF mass 
spectrometry after matrix deposition. By this monitorization, the performance of the prepared arrays 
could be evaluated. Under laser irradiation, the hydrophobic bilayer is disrupted allowing the 
detection of carbohydrates coupled to bidentate linker on individual spots. For an accurate 
comparison of the different CVD graphene substrate performance, all spectra were recorded under 
identical laser settings and power conditions and a sum of 500 shots was acquired in each spectrum. 
Both ITO/G-(3,4-(C18H37O)2Ph) and Glass/G-(3,4-(C18H37O)2Ph) showed similar performance in the 
analysis of immobilized carbohydrates (Table 7). Clean mass spectra with high ion intensity and 
good signal to noise ratio were obtained from individual spots (Figure 96). CVD graphene did not 
show interference or additional signal of matrix background that could avoid the detection of the 
desired species. It is well known the characteristically artifacts of CNMs usually are presented and 
could mask the small molecules signals.264 For graphene, these artifacts were not present even with 
laser fluence higher than 50%. MALDI spectra was acquired using low laser fluence (30%) due tothe 
remarkable desorption/ionization capability of the created interface. The performance of Glass/G-
(3,4-(C18H37O)2Ph) microarrays was compared with previously described hydrophobic coated ITO 
based microarrays reported by Niels and coworkers. 265 The CVD graphene-coated glass slides 
showed a similar performance as the non-graphene C-18 alkane coated ITO (Figure 171 and Table 
18). Therefore, Glass/G-(3,4-(C18H37O)2Ph) could become an alternative to the use of ITO-coated glass 







Figure 96. Mass spectra of carbohydrates immobilized a) on ITO/G-(3,4-(C18H37O)2Ph) and b) on Glass/G-(3,4-
(C18H37O)2Ph) microarrays by MALDI-TOF using DHB as matrix. c) Mass spectra of carbohydrates immobilized on 
Glass/G-(3,4-(C18H37O)2Ph) microarrays by matrix-free LDI. 
Carbohydrates immobilized on Glass/G microarrays were not efficiently detected under matrix-free 
conditions for the carbohydrate concentrations which were previously used with ITO coated glass 
substrate. For that reason, it was necessary to increase the carbohydrate concentration from 50 µM to 
100 µM. The new carbohydrate concentration allowed the role of graphene as a SALDI platform. As 
graphene surfaces show high hydrophobicity and their interaction with phospholipids has been 
previously described,266 we also evaluated the assay performance for arrays with the bidentate 
activated linker 22 directly immobilized on the non-chemically functionalized CVD graphene 
surface. MS spectra recorded under identical conditions showed that the direct neoglycolipid 
immobilization on graphene surface produced spectra with far lower S/N and spectral quality than 
spectra obtained from covalently modified graphene (Table 7), which had been hydrophobically 




Table 7. MS detection of different immobilized carbohydrates using CVD graphene-based substrates with and without 




















GlcNAc 923.65 3525 292.1 306 88.4 5292 736.4 162 30.4 
LacNAc 1085.71 3281 743.5 174 44.3 2016 385.3 314 70.5 
Lactose 1044.68 2587 365.0 345 71.2 1577 276.2 282 68.2 
Le
x
 1231.76 2783 271.2 483 117.8 2789 417.1 195 41.1 
 
This experimental evidence concludes that the covalent hydrophobic modification of the graphene 
layer, although does not affect substantially the hydrophobic properties of the material, can lead to a 
higher loading of the bidentate linker 22 and consequently to an increase in the loading of 
immobilized carbohydrates. 
2.5.3. Optical and Mass Spectrometry detections of carbohydrate-lectin interactions 
Lectins are proteins that recognize specific structural elements of carbohydrates with high 
selectivity, acting as translators of the information encoded by carbohydrates on the cell surface or in 
extracellular proteins. Lectins are widespread in all living organisms, from bacteria to mammals and 
display numerous biological functions, in cell-cell communication, fertilization and immune 
response, e.g., through the recognition of foreign carbohydrates presented in colonizing 
pathogens.267  
The detection of carbohydrates-lectin interactions by mass spectrometry was studied.268 In particular, 
the array prepared on Glass/G-(3,4-(C18H37O)2Ph) incubated with lectin Auleria aurantia (AAL) 
solution. AAL is isolated from orange peel fungus and recognizes L-fucose, with a broad specificity 
towards different linkages (α-1,2; α-1,3; α-1,4; α-1,6). This lectin is commonly employed as a tool in 
the isolation and characterization of fucosylated glycoproteins which are often overexpressed in 
different types of cancers.269, Thus, the incubated platform showed by MALDI-TOF MS detection of 
a peak at m/z = 33691 Da [AAL]+[42], which corresponds to  the monomeric lectin, exclusively on 
spots of immobilized Lex carbohydrate (Figure 97d). 
In addition, carbohydrate microarrays were extensively employed as high throughput screening 
tools for the characterization of these proteins. Commonly, carbohydrate-lectin interactions on 
microarrays are quantified via the emitted fluorescence of the adhered labeled lectins after a washing 
step to remove non-binders. It is well documented that graphene can quench fluorescent dyes via 
FRET with high efficiency.169 In fact, bioassays based on the quenching and subsequent recovery of 
the fluorescence on graphene has been developed to study carbohydrate-lectin interactions.270 We 




provide enough distance to avoid FRET based quenching of the dyes allowing fluorescence 
measurements on these surfaces. To verify this hypothesis, we incubated CVD graphene 
carbohydrate microarrays with fluorescently labeled lectin AAL (AAL-555). After incubation with 
AAL-555, the Glass/G carbohydrate microarray was washed and scanned in a microarray scanner. 
Figure 97c shows the superimpose image of printed drops and the fluorescence emission of AAL-555 
measured by microarray scanner. A fluorescence signal was only observed for spots corresponding 
to the immobilized Lex carbohydrate, which was the only fucosylated structure on the array. 
 
Figure 97. Detection of carbohydrate binding proteins (lectins) on CVD graphene microarrays. a) Schematic 
representation of Auleria aurantia lectin (AAL) binding towards fucosylated Lex structure, b) structure of the 
mentioned protein, c) fluorescence detention of AAL-555 binding towards Lex and d) detection of AAL binding towards 
Lex by MALDI-TOF mass spectrometry. 
As summary, we have developed MS active CVD graphene carbohydrate microarrays on a variety of 
support materials. It was based on the formation of a hydrophobic bilayer on chemically modified 
graphene by the construction of NHS active surfaces on CVD graphene. The presence of the bilayer 
was required for an effective mass detection of the immobilized analytes. Low cost materials such as 
uncoated microscope glass slides were enough as surface for CVD graphene deposition and the 
subsequent functionalization for the preparation of microarrays without the need of an ITO adhesive 
layer. 
The developed surfaces allow their use for LDI-MS analysis. CVD graphene behaved as anchoring 
platform on ITO and as conductive surface on bare glass substrates for matrix-free LDI. Likewise, it 
was established the crucial role of chemical functionalization for the manufacture of CVD graphene 
carbohydrate microarrays and might be further studied for the immobilization and sensing of other 













Conventional solvents used in silicon microfabrication processing are generally inefficient in the 
case of graphene. Alternatively, THF and EtOH have been considered as candidate options. In spite 
of its undeniable capability for polymer cleaning/solving, THF is extremely dependent of the type of 
residue and its thickness/amount, therefore, its use may compromise graphene integrity. Differently, 
EtOH has demonstrated to be extremely effective for reducing the residues on the surface of 
graphene after microfabrication steps such as photolithography. EtOH solvent capability is basically 
independent of the residues thickness, and as it is easy adaptable at wafer scale and is highly 
compatible with CMOS technology, it is validated to be included as a necessary material in the 
regular cleaning procedures in the microfabrication of graphene electronic devices. 
Besides, the generation of graphene biointerface was suitable for their use in electronic devices. For 
that purpose, graphene transistors were functionalized with carboxylic groups as ‚anchor‛ point to 
link biomolecules. It was performed an optimization process through different. With this first 
modification two different sensing capabilities were implemented in the devices. The introduction of 
the carboxylic group allows an improvement in the pH-current variation. In addition, recognition of 
biomolecules trough the introduction of aptamers showed sensing capability with good sensitivity. 
These results open a great amount of possibilities for cortex in vivo sensing and the detection of 
neutransmitters and the diseases related with them. 
We have studied the preparation of MS active CVD graphene carbohydrate microarrays on a variety 
of support materials. The construction of NHS active surfaces on CVD graphene was based on the 
formation of a hydrophobic bilayer on chemically derivatized graphene. The presence of the bilayer 
was required for an effective mass detection of the immobilized analytes. Low cost materials such as 
uncoated microscope glass slides were sufficient as surface for CDVG deposition and the subsequent 
functionalization for the preparation of microarrays without the need of an ITO adhesive layer. 
The potential of CVD graphene as a performance component for LDI-MS analysis is reported for the 
first time. In particular, CVD graphene behaved as anchoring platform on ITO and as conductive 
surface on bare glass substrates for matrix-free LDI. Likewise, the crucial role of chemical 
functionalization for the manufacture of CVD graphene carbohydrate microarrays was established. 
We speculate that this methodology might be further expanded with the immobilization of other 





































3. Experimental details 
Comercial reagents and solvent were purchased from different commercial companies and they 
were used as received without further purification. 
CVD graphene substrates were provided by Graphenea S. L. (Donostia, Spain) and by the Instituto 
de Microelectrónica de Barcelona IMB-CNM (CSIC), Universidad Autónoma de Barcelona, 
(Bellaterra, Spain). 
3.1. Materials and techniques 
NMR 
All NMR spectra were acquired at Bruker 500 MHz instrument. The spectra were processed with 
MestReNova software version 7.1.1-9649. 
FTIR 
Fourier-transformation Infrared spectroscopy (FTIR, Nicolet 6700 Thermo) spectra were measured 
with KBr flake. The spectra were processed with Microsoft Excel 2010. 
Raman spectroscopy 
Raman spectra were recorded with a Renishaw Invia Raman microscope equipped with a 532 nm 
wavelength laser, a lens-based spectrometer with 1800 gr/mm grating and a Peltier-cooled front-
illuminated CCD (1024 px x 532 px). 4.4 Wire software was used to data analysis, processing and 
presentation 
XPS 
XPS measurements were performed in a SPECS Sage HR 100 spectrometer with a 
nonmonochromatic X ray source of Aluminum with a Kα line of 1486.6 eV energy and 300 W. XPS 
measurements were performed on a SPECS Sage HR 100 spectrometer with a nonmonochromatic X 
ray source of Aluminium with a Kα line of 1486.6 eV energy and 300 W. XPS data was fitted using 
CasaXPS 2.3.16 PR 1.6 software. 
AFM 
Surface topologies of slides were characterized by atomic force microscopy (AFM; JPK NanoWizard 
II) in intermittent contact tapping mode and contact mode using a tapping etched silicon probe 
(TESPA-V2) with a 0.01 – 0.025 Ω/cm antimony (n) doped Si, rectangular 3.8µm thick cantilever with 
a nominal resonant frequency, spring constant, length, and width of 320 kHz, 42 N/m, 123 µm, and 
40 µm respectively. For the taping force measures an AFM DIMENSION ICON was employed using 
a Nanoscope V Bruker controller. 





Microarrays were printed employing a robotic piezoelectric SciFLEXARRAYER spotter S11 
(Scienion, Berlin, Germany). Fluorescence measurements were performed in Agilent G265BA 
microarray scanner system (Agilent Technologies, Santa Clara, USA). Quantification was performed 
with ProScanArray® Express software (Perkin Elmer, Shelton, USA). 
 
Contact angle 
Static contact angle measures were performed at Drop Shape Analysis System KRUSS, DSA 100 v 1-
19. To evaluate the angles, DSA 3 v 1.6-02 software were used. 
MALDI-TOF 
Mass spectra were recorded on Bruker Ultraflextreme III TOF mass spectrometer equipped with a 
pulsed Nd:YAG laser (λ= 355 nm) and controlled by FlexControl 3.3 software (Bruker Daltonics, 
Bremen, Germany). Acquisitions (total of 5000 shots) were carried out in positive reflector ion mode 
with a pulse duration of 50 ns, a 40 frequency of 1000 Hz, a laser fluence of 30%, and the following 
laser focus settings: offset = 0%, range = 100%, and value = 9.5%. The m/z range was chosen 
according to the mass of the sample. The accumulated spectra were then process with FlexAnalysis 
v3.3 software. For calibration of mass spectra INTAVIS peptide calibration standard mixture II was 
employed. 
MANUFACTURING OF GRAPHENE DEVICES 
SiO2/mGFET was manufactured by applying a conventional lift-off process using the image reversal 
photoresist AZ5214E (Clariant, Germany) to a four-inch silicon wafer (Figure 2) covered with 
thermal SiO2. The bottom metal layer was a thermally evaporated Ti/Au, 10/100 nm in thickness. The 
GFET active areas were defined by means of an oxygen-based reactive ion etching based on a 
patterned AZ5214E resist mask. The patterning process of the top metal layer is like bottom metal 
contact patterning with a Ni/Au, 20/200 nm thick film. SU-8 resist was employed as the passivation 
layer of the graphene GFETs. Product SU-8 2005, from MicroChem is an epoxy-based negative 
photoresist, which was patterned to passivate the metal leads while defining the graphene channel 
and metal contacts openings. The simpler device SiO2/MGFET was fabricated by a single 
photolithography step using AZ mask and reactive ion etching, like the microtransistor array. Gold 











3.2. Synthesis of compounds 
3.2.1. Synthesis of 4-nitro-1,2-bis(octadecyloxy)benzene (27): 
 
A mixture of nitrocathecol 25 (1.00 g, 6.45 mmol), 1-bromooctadecane 26 (5.14 g, 15.48 mmol) and 
anhydrous K2CO3 (2.67 g, 19.35 mmol) in DMF (25.8 mL) was heated at 150 °C for 12 h. After 
cooling, the mixture was diluted with satd. NH4Cl solution (500 mL) and extracted with CH2Cl2 
(3x200 mL). The organic phase was evaporated under reduced pressure. The residue was purified by 
column chromatography (SiO2; 2:1 petroleum ether/dichloromethane) to obtain 4-nitro-1,2-
bis(octadecyloxy)benzene (27, 3.71 g, 5.6 mmol, 87%) as a yellow solid. 1H NMR (500 MHz, CDCl3) δ 
7.87 (dd, J = 8.9, 2.6 Hz, 1H), 7.72 (d, J = 2.6 Hz, 1H), 6.87 (d, J = 8.9 Hz, 1H), 4.07 (m, 4H), 1.90 – 1.81 
(m, 4H), 1.51 – 1.44 (m, 4H), 1.36 – 1.25 (m, 56H), 0.88 (t, J = 6.9 Hz, 2x3H) ppm. 13C NMR (125 MHz, 
CDCl3), δ: 154.7 (C), 148.7 (C), 141.2 (C), 117.6 (CH), 111.0 (CH), 108.6 (CH), 69.5 (CH2), 69.4 (CH2), 
32.0 (2CH2), 29.7 (14CH2), 29.69 (2CH2), 29.63 (3CH2), 29.62 (CH2), 29.39 (2CH2), 29.38 (CH2), 29.35 
(CH2), 29.0 (CH2), 28.9 (CH2), 26.0 (CH2), 25.9 (CH2), 22.7 (2CH2), 14.12 (2CH3). HRMS (ES+) for 





Figure 99. 1H NMR spectrum (500 MHz, CDCl3-d1) of 27. 
 




3.2.2. Synthesis of 3,4-bis(octadecyloxy)aniline (22): 
 
4-nitro-1,2-bis(octadecyloxy)benzene 28 (3.71 g, 5.6 mmol) was added in a round-bottom flask with a 
mix of CH2Cl2:EtOH (600 mL). Then the catalyst Pd/C was added. Solvent was deoxygenated under 
vacuum and H2 was insufflated (3 cycles). The reaction was stirred under H2 atmosphere overnight. 
The mixture was filter over Celite®, and the liquid phase was evaporated under reduced pressure to 
obtain 3,4-bis(octadecyloxy)aniline (22, 3.36 g, 5.3 mmol, 94%) as a pink solid. 1H NMR (500 MHz, 
CDCl3), δ 6.73 (d, J = 8.4 Hz, 1H), 6.30 (d, J = 2.6 Hz, 1H), 6.20 (dd, J = 8.4, 2.6 Hz, 1H), 3.93 (t, J = 6.6 
Hz, 2H), 3.89 (t, J = 6.7 Hz, 2H), 1.83 – 1.76 (m, 2H), 1.76 – 1.70 (m, 2H), 1.50 – 1.39 (m, 4H), 1.25 (bs, 
65H), 0.88 (t, J = 6.9 Hz, 2x3H). ppm. 13C NMR (125 MHz, CDCl3), δ: 150.6 (C), 141.9 (C), 141.2 (C), 
117.3 (CH), 106.8 (CH), 102.7 (CH), 71.0 (CH2), 69.0 (CH2), 31.9 (2CH2), 29.7 (18CH2), 29.8 (6CH2), 29.4 
(2CH2), 26.1 (2CH2), 22.7 (2CH2), 14.1 (2CH3) ppm. HRMS (ES+) for C42H80NO2 [M+H]+ calculated: 
630.6111, found: 630.6088. 
 









3.2.3. Systhesis of 4-(carboxymethyl)benzenediazonium tetrafluoroborate (24): 
 
2-(4-aminophenyl)acetic acid (29, 500 mg, 3.3 mmol) and HBF4 (1.5 mL, 24 mmol) was dissolved in 
acetic acid (70 mL). A solution of isoamylnitrate  (1.4 mL, 3.75 mmol) in acetic acid (35 mL) was 
dropwised to the first mix and it was stirred for 15 min at r.t.. Cold EtOH (30 mL) was added to 
quench the reaction and the flask was stored in the -20 °C freezer overnight. The mix was then 
filtered in Millipore 0.1 µm and washed three time with cold EtOH (20 mL). The crystals were dried 
under vacuum to obtain 4-(carboxymethyl)benzenediazonium tetrafluoroborate (24, 738 mg, 3 
mmol, 89%) as a yellow solid. 1H NMR (500 MHz, CDCl3) δ 8.44 (d, J = 8.9 Hz, 2x1H), 7.80 (d, J = 8.9 
Hz, 2x1H), 3.94 (s, 2H) ppm. 
 





Figure 104. IR spectrum of 24. 
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3.2.4. Systhesis of 4-(carboxymethyl)benzenediazonium tetrafluoroborate (21): 
 
A mix of 4-fluoroaniline (30, 2,76 g, 0.025 mol) in HCl (35 wt%, 7.5 mL) and cooled to 0ºC. A solution 
of NaNO2 (2.07 g) in H2O (6 mL) was slowly added while stirring for one hour at 0ºC. HBF4 (48wt%, 
7.5 mL) was added and after two hours a white precipitated was isolated by filtration and washed 
with cold diethylether to obtain fluorobenzenediazonium tetrafluoroborate (21, 3.50 g, 16.7 mmol, 
67%) as a yellow solid. 1H NMR (500 MHz, DMSO) δ 8.82 (dd, J = 9.2, 4.5 Hz, 2H), 7.90 (m, 2H) ppm. 
 









3.3. Cleaning protocol 
3.3.1. Cleaning protocol of SiO2/MGFET with EtOH for 10 min: 
The SiO2/MGFET was cleaned by immersion in a glass beaker with 50 mL of EtOH for 10 minutes. 
After the corresponding time, the substrate was removed from the solvent and dived 3 times x1 
second in distilled water and dried with nitrogen. Δ RMS roughness: -0.37 nm, Δ atom % (O-C=O): -2.56. 
 
Figure 586. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman spectra (≈1000 single-
point spectra, λexc = 532nm) before and after cleaning process of SiO2/MGFET with EtOH 10 min. 

























































































Figure 107. AFM images of SiO2/MGFET a, b) before and d, e) after cleaning process with EtOH 10 min at different 
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Figure 61. Deconvoluted C1s core level spectra of SiO2/MGFET (top) before and (bottom) after cleaning process with 
EtOH 10 min. 
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Table 8. C/O/Si atomic percentages before and after the solvent treatment with EtOH 10 min. 
Treatment 
(Solvent/time) 
Before After Δ (before-after) 
C/at% O/at% Si/at% C/at% O/at% Si/at% C/at% O/at% Si/at% 
EtOH/10 min 54.85 27.61 17.54 50.59 28.18 21.24 4.36 -0.57 -3.7 
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Tabla 9. Atomic percentages of the C1s component and AFM roughness before and after cleaning process of SiO2/MGFET with EtOH 10 min. 
Treatment  
(Solvent/time) 
BEFORE AFTER Δ (before-after) 
XPS analysis AFM 
roughness 
(nm) 





















C=C 284.37 82.23 
2.03 




C-O 286.51 6.36 C-O 286.49 5.99 C-O 0.37 
C=O 287.73 4.20 C=O 287.78 4.27 C=O -0.07 
O-C=O 288.81 7.22 O-C=O 288.79 4.66 O-C=O 2.56 
Pi-pi* - 
 





3.3.2. Cleaning protocol of SiO2/MGFET with EtOH for 120 min: 
The SiO2/MGFET was cleaned by immersion in a glass beaker with 50 mL of EtOH for 120 minutes. 
After the corresponding time, the substrate was removed from the solvent and dived 3 times x1 
second in distilled water and dried with nitrogen. Δ RMS roughness: -1.89 nm, Δ atom % (O-C=O): -2.61. 
 
Figure 62. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman spectra (≈1000 single-
point spectra, λexc = 532nm) before and after cleaning process of SiO2/MGFET with EtOH 120 min. 





















































































Figure 63. AFM images of SiO2/MGFET a, b) before and d, e) after cleaning process with EtOH 120 min at different 
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Figure 64. Histogram obtained from the AFM images for SiO2/MGFET before and after treatment with EtOH 120 min. 
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Figure 66. Deconvoluted C1s core level spectra of SiO2/MGFET (top) before and (bottom) after cleaning process with 
EtOH 120 min. 
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Table 10. C/O/Si atomic percentages before and after the solvent treatment with EtOH 120 min. 
Treatment 
(Solvent/time) 
Before After Δ (before-after) 
C/at% O/at% Si/at% C/at% O/at% Si/at% C/at% O/at% Si/at% 




Tabla 11. Atomic percentages of the C1s component and AFM roughness before and after cleaning process of SiO2/MGFET with EtOH 120 min. 
Treatment  
(Solvent/time) 
BEFORE AFTER Δ (before-after) 
XPS analysis AFM 
roughness 
(nm) 





















C=C 284.37 77.21 
3.07 




C-O 286.33 9.29 C-O 286.28 8.51 C-O 0.78 
C=O 287.57 5.42 C=O 287.48 5.09 C=O 0.33 
O-C=O 288.85 8.08 O-C=O 288.77 5.47 O-C=O 2.61 




3.3.3. Cleaning protocol of SiO2/MGFET with THF for 10 min: 
The SiO2/MGFET was cleaned by immersion in a glass beaker with 50 mL of THF for 10 minutes. 
After the corresponding time, the substrate was removed from the solvent and dived 3 times x1 
second in distilled water and dried with nitrogen. Δ RMS roughness: -0.80 nm, Δ atom % (O-C=O): -0.68. 
 
 
Figure 126. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman spectra (≈1000 single-
point spectra, λexc = 532nm) before and after cleaning process of SiO2/MGFET with THF 10 min. 





























































































Figure 127. AFM images of SiO2/MGFET a, b) before and d, e) after cleaning process with THF 10 min at different 
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Figure 130. Deconvoluted C1s core level spectra of SiO2/MGFET (top) before and (bottom) after cleaning process with 
THF 10 min. 
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Table 12. C/O/Si atomic percentages before and after the solvent treatment with THF 10 min. 
Treatment 
(Solvent/time) 
Before After Δ (before-after) 
C/at% O/at% Si/at% C/at% O/at% Si/at% C/at% O/at% Si/at% 
THF/10 min 64.34 19.84 15.83 60.85 22.23 16.92 3.49 -2.39 -1.09 
131 
 
Tabla 11. Tabla 2. Atomic percentages of the C1s component and AFM roughness before and after cleaning process of SiO2/MGFET with THF 10 min. 
Treatment  
(Solvent/time) 
BEFORE AFTER Δ (before-after) 
XPS analysis AFM 
roughness 
(nm) 





















C=C 284.37 86.21 
2.44 




C-O 286.60 5.27 C-O 286.90 0.75 C-O 4.52 
C=O 287.92 3.14 C=O - - C=O 3.14 
O-C=O 288.87 5.38 O-C=O 288.68 4.70 O-C=O 0.68 





3.3.4. Cleaning protocol of SiO2/MGFET with THF for 120 min: 
The SiO2/MGFET was cleaned by immersion in a glass beaker with 50 mL of THF for 120 minutes. 
After the corresponding time, the substrate was removed from the solvent and dived 3 times x1 
second in distilled water and dried with nitrogen. Δ RMS roughness: -0.77 nm, Δ atom % (O-C=O): -1.02. 
 
Figure 131. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman spectra (≈1000 single-
point spectra, λexc = 532nm) before and after cleaning process of SiO2/MGFET with THF 120 min. 





























































































Figure 132. AFM images of SiO2/MGFET a, b) before and d, e) after cleaning process with THF 120 min at different 
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Figure 133. Histogram obtained from the AFM images for SiO2/MGFET before and after treatment with THF 120 min. 
135 
 


























Binding Energy / eV

































Figure 135. Deconvoluted C1s core level spectra of SiO2/MGFET (top) before and (bottom) after cleaning process with 
THF 120 min. 
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Table 14. C/O/Si atomic percentages before and after the solvent treatment with THF 120 min. 
Treatment 
(Solvent/time) 
Before After Δ (before-after) 
C/at% O/at% Si/at% C/at% O/at% Si/at% C/at% O/at% Si/at% 




Tabla 15. Tabla 3. Atomic percentages of the C1s component and AFM roughness before and after cleaning process of SiO2/MGFET with THF 120 min. 
Treatment  
(Solvent/time) 
BEFORE AFTER Δ (before-after) 
XPS analysis AFM 
roughness 
(nm) 





















C=C 284.37 88.27 
1.91 




C-O 286.74 5.40 C-O 286.66 5.48 C-O -0.08 
C=O/O-C=O 288.70 6.33 C=O/O-C=O 
 
5.31 C=O/O-C=O 1.02 
O-C=O - - O-C=O - - O-C=O - 




Figure 136. Survey XPS spectrum (top) and Deconvoluted C1s core level spectrum (bottom) of Epoxi 
resin AZ. 
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Figure 137. Survey XPS spectrum (top) and Deconvoluted C1s core level spectrum (bottom) of PMMA. 
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3.3.5. Electronic measurement of the cleaning protocol: 
 
Figure 67. a) Vrms and b) I-V curve of SiO2/mGFET before (blue) and after (green) the cleaning process 
with EtOH for 60 min, and c) I-V curve before (blue) and after (green) the cleaning process with EtOH 
for 10 min. 
 
 
Figure 139. a) Vrms and b) I-V curve of SiO2/mGFET before (blue) and after (green) the cleaning process 


















3.4. Functionalization of CVD Graphene on substrate 
3.4.1. CVDG substrate functionalization general method: SiO2/G-(p-(F) Ph) 
 
The substrate was fully immersed in a solution of 21 (3.4 mg, 0.016 mmol) in distilled 
water (10 mL) at r.t. for 2 h. Substrate was removed from the solution reaction and 
washed by diving 3 times x 1 second in distilled water and dried with nitrogen. 
Δ(ID/IG): 014. 
 
Figure 140. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 
spectra (≈1000 single-point spectra, λexc = 532nm) before and after covalent modification of CVDG 
substrate. 
 





















































































3.4.2. SiO2/MGFET functionalization general method for thrombin sensing platform: 
SiO2/MGFET-(p-(CH2CO2H)Ph). 
 
SiO2/MGFET was placed in a glass beaker with distilled water (10 mL). Then, a solution 
of 4-(carboxymethyl)benzenediazonium tetrafluoroborate (24, 10 mg, 0.04 mmol) in 
distilled water (2 mL) was added. After 1 h reaction at r.t. the SiO2/MGFET was 
removed from the solution reaction and washed by diving 3 times x 1 second in 
distilled water and dried with nitrogen. Δ(ID/IG): 0.31. 
 
Figure 142. a) Raman mapping of the D band intensity in 20x20 µm2 area and b) averaged Raman 
spectra (λexc = 532nm) before and after covalent modification of SiO2/MGFET. 
ID/IG0.30 0.53
a) b)













































Figure 143. a)AFM images of SiO2/MGFET before and c) after chemical functionalization. AFM height 




3.4.3. SiO2/MGFET functionalization general method for thrombin sensing platform: 
SiO2/MGFET-(3,4-(C18H37O)2Ph) 
 
3,4-bis(octadecyloxy)aniline (22, 50.4 mg, 0.08 mmol) was placed in a round bottom 
flask previously purged with argon and dissolved in dry DMF (10mL) under 
sonication. Then, the SiO2/MGFET was introduced in the flask and 3-
methylbuthylnitrite (16.2 µL, 0.12 mmol) was slowly added dropwise. The reaction 
mixture was heated to 60 ºC and left without stirring for 2h. The SiO2/MGFET was 
removed from the reaction mixture and cleaned by immersion in toluene for 12h and in 
EtOH for 30’. The modified graphene substrate was dried over a stream of N2. Δ(ID/IG): 
0.12. 
 
Figure 144. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 
spectra (≈1000 single-point spectra, λexc = 532nm) before and after covalent modification of 
SiO2/MGFET. 
ID/IG0.12 0.22













































Figure 145. AFM images of SiO2/MGFET (a) before and (c) after chemical. AFM height profiles (b) 




3.4.4. SiO2/mGFET functionalization general method for thrombin sensing platform: 
SiO2/mGFET-(p-(CH2CO2H)Ph). 
 
SiO2/mGFET was placed in a glass beaker with distilled water (10 mL). Then, a solution 
of 4-(carboxymethyl)benzenediazonium tetrafluoroborate (24, 10 mg, 0.04 mmol) in 
distilled water (2 mL) was added. After 1 h reaction at r.t. the SiO2/mGFET was 
removed from the solution reaction and washed by diving 3 times x 1 second in 
distilled water and dried with nitrogen. Δ(ID/IG): 0.07. 
 
Figure 146. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 



























































Figure 147. AFM images of SiO2/mGFET a, b) before and d, e) after chemical modification at different 








































3.4.5. SiO2/mGFET functionalization general method for thrombin sensing platform 
SLOW ADDITION: SiO2/mGFET-(p-(CH2CO2H)Ph) 
 
SiO2/MGFET/SiO2/mGFET was placed in a glass beaker with distilled water (10 mL). 
Then, a solution of 4-(carboxymethyl)benzenediazonium tetrafluoroborate (24, 10 mg, 
0.04 mmol) in distilled water (2 mL) was slowly dropped with a syringe pump (2.5 
mL/h ratio). After 1 h reaction at r.t. the SiO2/mGFET was removed from the solution 
reaction and washed by diving 3 times x 1 second in distilled water and dried with 
nitrogen. Δ(ID/IG): 0.09. 
 
Figure 149. a) Raman mapping of the D band intensity in 20x20 µm2 area and b) averaged Raman 
spectra (λexc = 532nm) before and after covalent modification of SiO2/mGFET. 
 
Figure 150. a) I-V curve and b) Vrms performance for the functionalization with 24 before (green) and 
after (blue) the reaction. 
  


































































3.4.6. SiO2/mGFET functionalization general method for thrombin sensing platform: 
SiO2/mGFET-(3,4-(C18H37O)2Ph) 
 
3,4-bis(octadecyloxy)aniline (22, 50.4 mg, 0.08 mmol) was placed in a round bottom 
flask previously purged with argon and dissolved in dry DMF (10mL) under 
sonication. Then, the SiO2/mGFET was introduced in the flask and 3-
methylbuthylnitrite (16.2 µL, 0.12 mmol) was slowly added dropwise. The reaction 
mixture was heated to 60 ºC and left without stirring for 2h. The substrate was 
removed from the reaction mixture and cleaned by immersion in toluene for 12h and in 
EtOH for 30’. The modified graphene substrate was dried over a stream of N2. Δ(ID/IG): 
0.07. 
 
Figure 151. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 
spectra (≈1000 single-point spectra, λexc = 532nm) before and after covalent modification of 
SiO2/mGFET. 
ID/IG0.00 0.02




































































Figure 152. a) I-V curve and b) Vrms performance for the functionalization with 22 before (green) and 









3.4.7. CVD graphene functionalization general method for lectins sensing platform: 
SiO2/G-(3,4-(C18H37O)2Ph). 
 
3,4-bis(octadecyloxy)aniline (22, 100.8 mg, 0.16 mmol, 2mM) was placed in a round 
bottom flask previously purged with argon and dissolved in dry DMF (80mL) under 
sonication. Then, the graphene substrate was introduced in the flask and 3-
methylbuthylnitrite (32.3 µL, 0.96 mmol) was slowly added dropwise. The reaction 
mixture was heated to 60 ºC and left without stirring for 2h. The substrate was 
removed from the reaction mixture and cleaned by immersion in toluene for 12h and in 
EtOH for 30’. The modified graphene substrate was dried over a stream of N2. Δ(ID/IG): 
0.05. 
 
Figure 153. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 






Figure 154. AFM images for SiO2/G-(3,4-(C18H37O)2Ph (a, b) before and (d, e) after chemical modification 
at different magnifications. AFM height profiles (c) before and (f) after chemical modification (green 




3.4.8. CVD graphene functionalization general method for lectins sensing platform: 
ITO/G-(3,4-(C18H37O)2Ph). 
 
3,4-bis(octadecyloxy)aniline (22, 100.8 mg, 0.16 mmol, 2mM) was placed in a round 
bottom flask previously purged with argon and dissolved in dry DMF (80mL) under 
sonication. Then, the graphene substrate was introduced in the flask and 3-
methylbuthylnitrite (32.3 µL, 0.96 mmol) was slowly added dropwise. The reaction 
mixture was heated to 60 ºC and left without stirring for 2h. The substrate was 
removed from the reaction mixture and cleaned by immersion in toluene for 12h and in 
EtOH for 30’. The modified graphene substrate was dried over a stream of N2. Δ(ID/IG): 
0.00. 
 
Figure 155. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 
spectra (≈1000 single-point spectra, λexc = 532nm) before and after covalent modification of ITO/G-(3,4-
(C18H37O)2Ph). 
  


































3.4.9. CVD graphene functionalization general method for lectins sensing platform: 
ITO/G-(3,4-(C18H37O)2Ph). 
 
3,4-bis(octadecyloxy)aniline (22, 403 mg, 0.64 mmol, 8mM) was placed in a round 
bottom flask previously purged with argon and dissolved in dry DMF (80mL) under 
sonication. Then, the graphene substrate was introduced in the flask and 3-
methylbuthylnitrite (129 µL, 0.96 mmol) was slowly added dropwise. The reaction 
mixture was heated to 60 ºC and left without stirring for 2h. The substrate was 
removed from the reaction mixture and cleaned by immersion in toluene for 12h and in 
EtOH for 30’. The modified graphene substrate was dried over a stream of N2. Δ(ID/IG): 
0.06, Δθc: 8.2°, Δ atom % (C1s): 11.54 and Δ atom % (O1s): -12. 
 
Figure 156. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 
spectra (≈1000 single-point spectra, λexc = 532nm) before and after covalent modification of ITO/G-(3,4-
(C18H37O)2Ph. 
 
Figure 157. Contact angles of a) ITO-coated glass treated with piranha solution, b) ITO/G c) ITO/G-(3,4-
(C18H37O)2Ph). 
ID/IG0.00 0.23






































Figure 158. AFM images for ITO/G-(3,4-(C18H37O)2Ph) (a, b) before and (d,e) after chemical modification 
at different magnifications. AFM height profiles (c) before and (f) after chemical modification (green 




































Figure 159. Survey spectra for ITO/G-(3,4-(C18H37O)2Ph) (a) before and (b) after chemical 
functionalization. 
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Figure 160. Deconvoluted C1s core level spectra for ITO/G-(3,4-(C18H37O)2Ph) (top) before and (bottom) 





3.4.10. CVD graphene functionalization general method for lectins sensing platform: 
Glass/G-(3,4-(C18H37O)2Ph). 
 
3,4-bis(octadecyloxy)aniline (22, 403 mg, 0.64 mmol, 8mM) was placed in a round 
bottom flask previously purged with argon and dissolved in dry DMF (80mL) under 
sonication. Then, the graphene substrate was introduced in the flask and 3-
methylbuthylnitrite (129 µL, 0.96 mmol) was slowly added dropwise. The reaction 
mixture was heated to 60 ºC and left without stirring for 2h. The substrate was 
removed from the reaction mixture and cleaned by immersion in toluene for 12h and in 
EtOH for 30’. The modified graphene substrate was dried over a stream of N2. Δ(ID/IG): 
0.01, Δθc: -2.3°, Δ atom % (C1s): 8.99 and Δ atom % (O1s): -8.99. 
 
 
Figure 161. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 
spectra (≈1000 single-point spectra, λexc = 532nm) before and after covalent modification of  Glass/G-
(3,4-(C18H37O)2Ph). 
 







Figure 163. (a, b) AFM images for Glass/G (without chemical modification) at different magnifications 





3.4.11. CVD graphene functionalization general method for lectins sensing platform: 
Quartz/G-(3,4-(C18H37O)2Ph). 
 
3,4-bis(octadecyloxy)aniline (22, 403 mg, 0.64 mmol, 8mM) was placed in a round 
bottom flask previously purged with argon and dissolved in dry DMF (80mL) under 
sonication. Then, the graphene substrate was introduced in the flask and 3-
methylbuthylnitrite (129 µL, 0.96 mmol) was slowly added dropwise. The reaction 
mixture was heated to 60 ºC and left without stirring for 2h. The substrate was 
removed from the reaction mixture and cleaned by immersion in toluene for 12h and in 
EtOH for 30’. The modified graphene substrate was dried over a stream of N2. Δ(ID/IG): 
0.07, Δθc: 10.1°. 
 
Figure 164. a) Raman mapping of the D band intensity in 30x25 µm2 area and b) averaged Raman 
spectra (≈1000 single-point spectra, λexc = 532nm) before and after covalent modification of Quartz/G-
(3,4-(C18H37O)2Ph). 
 
Figure 165. Contact angles of a) Quartz treated with piranha solution, b) Quartz/G and c) Quartz/G-(3,4-
(C18H37O)2Ph). 
ID/IG0.00 0.23







































Figure 68. AFM images for Quartz/G-(3,4-(C18H37O)2Ph) (a, b) before and (d,e) after chemical 
modification at different magnifications. AFM height profiles (c) before and (f) after chemical 
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Figure 168. Deconvoluted C1s core level spectra for Glass/G-(3,4-(C18H37O)2Ph) (top) before and 






Table 16. Atomic percentage of S/G-(3,4-(C18H37O)2Ph) substrates before and after chemical 
modification. 




Before reaction 62.63 37.37 
After reaction 74.17 25.83 
Glass/G-(3,4-
(C18H37O)2Ph) 
Before reaction 56.55 43.45 
After reaction 65.54 34.46 
 














C=C/C-C 284.37 82.0 284.37 91.8 
C-O 286.49 7.8 285.28 4.4 
C=O 288.57 8.3 286.70 1.6 
O-C=O 289.99 2.0 288.42 1.5 
pi-pi* - - 290.78 0.8 
Glass/G-(3,4-
(C18H37O)2Ph) 
C=C/C-C 284.37 64.0 284.37 84.5 
C-O 285.27 12.5 285.28 7.2 
C=O 286.54 10.3 286.70 5.6 
O-C=O 288.61 8.1 288.42 1.6 




3.5. Generation of interfaces on CVD graphene for biosensing 
3.5.1. Carboxilic group activation: 
 
1-ethyl-3-(3-dimethhylaminopropyl carbodiimide (EDC, 9 mg, 0.06 mmol) in PBS 10 
nM (500 µL), was mix with a solution of N-hydroxysucciniimide (NHS, 1.15 mg, 0.01 
mmol) in PBS 10 nM (500 µL). The SiO2/mGFET-(p-(CH2CO2H)Ph) was incubated with 
600 µL of the resulting solution for 1 h. After the incubation, the substrate was washed 
3 times with distilled water (500 mL) in order to remove the PBS salts. 
3.5.2. Aptamer cross-linking: 
 
The previously activated functionalized SiO2/mGFET-(p-(CH2CO2H)Ph) was incubated 
with the specific thrombin aptamer-NH2 solution (1 nM) in PBS 10 mM (300 µL) 
overnight. The solution was removed and the substrate was washed 3 times with 
distilled water. In order to block the free activated carboxylic groups, the substrate was 
incubated with 300 µL of Ethanolamine (6 µL) in PBS 10 mM (494 µL) for 20 minutes 





3.5.3. General method for bilayer preparation: 
 
Modified graphene slide (ITO/G-, Glass/G- or Quartz/G-(3,4-(C18H37O)2Ph). was 
incubated overnight at r.t. with (S)-3-((2,5-dioxocyclopentyloxy)carbonyloxy)propane-
1,2-diyl dipalmitate (20, 1 mM solution in CHCl3). The slide was left to dry under 
ambient conditions and stored at -20⁰C or under vacuum. 
 
Figure 169. MALDI-tof spectra of bidentate linker on (top) ITO/G-(3,4-(C18H37O)2Ph)and on (bottom) 
Glass/G-(3,4-(C18H37O)2Ph); m/z 732.50 [Linker+Na]+.  
169 
 
3.5.4. General method for the carbohydrate printing: 
 
Solutions (100 µM in phosphate buffer 300 mM, pH 8.7) of C5-amino linked 
carbohydrates (GlcNAc, LacNAc, Lac and Lex) were robotically printed (50 droplets, ≈ 
15 nL, ≈ 1.7 pmol ) onto slides functionalized with activated bidentate linker at a pitch 
of 750 µm in both x and y-directions, and left to react overnight at r.t. and controlled 
humidity of 90%. The slides were quenched by immersion in ethanolamine solution (50 
mM in 50 mM sodium borate buffer pH = 9.0). 
 
Figure 170. (a) Chemical structure of carbohydrates used in microarray preparation. (b) Schematic 




3.5.5. Comparison between hydrophobic ITO and ITO/G-(3,4-(C18H37O)2Ph). 
Hydrophobic modification of ITO slides was performed as previously described.265 
Briefly, after basic piranha treatment ITO slides were incubated with 2% 3-
aminopropyl trietoxysilane (APTES) and cured for 2 hours at 80 °C. After silanization, 
slide surfaces were reacted overnight with 10mM solution of stearyl succinimide ester 
in DMF. 
 
Figure 171. a) Schematic representation of hydrophobic coated ITO slides (lacking CVDG coating) and 
b) MALDI tof spectra carbohydrates immobilized on hydrophobic ITO slides (lacking CVDG coating).  
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Table 18. MS detection of different immobilized carbohydrates using APTES modified ITO (lacking 











GlcNAc 923.65 3483 598.9 5292 736.4 
LacNAc 1085.71 2846 386 2016 385.3 
Lactose 1044.68 6275 964.4 1577 276.2 
Le
x




Figure 172. Carbohydrates microarrays prepared on non-functionalized CVDG through direct 
immobilization of bidentate linker 20. (a) MALDI tof spectra of carbohydrates immobilized on ITO/G-




Table 19. MS detection of different immobilized carbohydrates using non-chemically modified CVDG-
based substrate by MALDI-TOF. 
Carbohydrate m/z [M+Na]+ 










GlcNAc 923.65 306 88.4 162 30.4 
LacNAc 1085.71 174 44.3 314 70.5 
Lactose 1044.68 345 71.2 282 68.2 





3.6. Diagnostic approaches 
3.6.1. Lectin incubation: 
 
Subarrays were compartmentalized using 8-well ProPlate® incubation chambers from 
GraceBiolabs and treated with Aleuria aurantia lectin (AAL). A solution containing 
AAL-555 or unconjugated AAL (50 µg/mL in 50 mM Hepes buffer pH=8.0) was 
incubated at room temperature for one hour. Before removing the incubation chamber 
the subarrays were washed sequentially with Hepes buffer and water. The complete 
slides were washed by immersion in water and dried under a stream of argon. 
3.6.2. Thrombin Incubation and electric measure: 
 
The previously aptamer cross-linked SiO2/mGFET-(p-(CH2CO2H)Ph) was deposited in 
the g-SGFET-cell and a solution of 300 µL of the corresponding thrombin concentration 
in PBS 10 mM was incubated for 30 minutes. After the incubation, the solution was 
removed, and the non-linked thrombin was washed three times with PBS 1 mM (600 
µL). In order to perform the corresponding electronic measurement, PBS 1mM (600 µL) 
was added in the cavity cell (Figure 62). After the measurement, PBS 1 mM was 
removed and the cavity was washed three times with PBS 10 mM (600 µL). 
Subsequently, the next thrombin solutions would be incubated. For our experiment, an 
increasing order of the following concentration solutions were used: 0.208, 2.080, 20.80 
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